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for Palladium Catalysts and Peptide Synthesis 
By Romain Naj man 
Resin plugs were developed back in 1999 as a convenient form of resin handling. In 
this modular cylindrical format, resin beads are embedded in an inert, porous 
polymer matrix. In this study, the physical and chemical characteristics of resin plugs 
were evaluated under a variety of reaction conditions, looking at their physical 
integrity, their chemical utility and reaction uniformity throughout the plugs. 
Investigations using Raman microscopy showed uniform bead distribution. Plugs 
were subjected to microwave chemistry and it was demonstrated that temperatures 
had to be carefully controlled to maintain their physical shape. A number of plug-
supported Pd catalysts were prepared: phosphine ligand-bound Pd, anchored 
palladacycle and cross-linked resin plugs-entrapped Pd. Their activities were 
assessed in Suzuki, Sonogashira and Heck cross-couplings and ranged from 
moderate to excellent. The latter displayed the best properties (activity, recyclability, 
low leaching), while reaction times could be reduced from days to minutes through 
the use of microwave irradiation. 3-phase tests revealed that the catalysts were truly 
heterogeneous when supported on the m-XL-Pd plugs. Peptides were synthesised on 
plugs with great efficiency and purity by either continuous flow or use of microwave 
irradiation. 
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I INTRODUCTION 
Combinatorial chemistry can be defined as a collection of techniques which enables 
the rapid and efficient production of chemical libraries, affording either single 
compounds or mixtures of known products." 2, 3, 4, 1 The large number of small 
organic molecules quickly generated can then be biologically tested for applications 
in drug discovery and lead optimisation processes. Although solution-phase 
techniques have been used in combinatorial chemistry, the tremendous progress 
made in this area of chemistry can be directly linked to the rapid advances in solid-
phase synthesis (SPS). 
I.! Solid-phase Synthesis in Combinatorial Chemistry 
The concept of SPS involves the covalent attachment of a substrate to an insoluble, 
inert, solid support. After immersion with solvated reagents used in high 
concentration to drive the reaction to completion, the purification process simply 
consists of filtering the resulting polymer-anchored chemical entity and washing 
away excess reagents. 
I.1.a Solid-phase Peptide Synthesis (SPPS) 
Origin 
The development of the field started in 1963 when Merrifield engineered the first 
peptide synthesis on an inert polystyrene support. 6 Until then, orthogonally protected 
amino acids had been patiently coupled in solution to make short peptides. The latter 
would then be assembled to progressively build longer sequences of oligopeptides, 
ending with removal of the protecting groups followed by peptide purification. This 
solution-phase method suffered from several drawbacks, not least the numerous steps 
of protection, coupling and deprotection required to synthesise. the desired peptide. 
Given that reactions were never quantitative, the overall yield for any peptide 
sequence was severely affected, while solubility problems generally hampered its 
purification. The solid-phase technique introduced by Merrifield lent itself well to 
repetitive synthesis procedures. Its potential for automation led researchers to 
develop a range of automated synthesisers. At the beginning, the chloromethyl-
functionalised polystyrene support devised by Merrifield displayed a functional 
group loading of 1 to 1.5 mmol g' and was I to 2% cross-linked with 
divinylbenzene. Its nitrated derivative was originally used. to tether a Cbz-N-
protected amino acid (Z-Val) via its carboxylic acid group (Scheme 1.1).6  The 
subsequent deprotection of the amino group then allowed the second protected amino 
acid to be coupled via its activated ester. The N-terminal deprotection / coupling 
procedure could then be repeated as required to construct the desired peptide 
sequence on the polystyrene bead, prior to cleavage from the polymer support upon 
completion. Very harsh conditions using NaOH were initially employed to release 
the final products into solution and it prompted researchers to use Boc groups rather 
than Cbz groups to allow more efficient synthesis. It also led them to devise chemical 
extensions, known as linkers, which are commonly used nowadays in modem 
peptide synthesis, ensuring clean and efficient cleavage of peptides from the resin 
(see Section I.1.b). 
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Scheme 1.1: Merrifield's first SPPS of tetrapeptide Len-Ala-Gly-Val. 
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Protecting Group Strategies 
The use of solid-phase symthesis in the field of oligomer synthesis led to the 
requirement for specific orthogonal protecting groups to be considered.. An amino 
acid could thus be added to a growing peptide chain as long as individually reactive 
functional groups contained in side-chains were fully protected from inappropriate 
reactions. The protecting group / cleavage strategy used over the years has evolved 
since Merrifield's original report. 6 At that time, the amino protecting group of choice 
was the acid-labile Z group (also known as the Cbz group, Figure 1.1) while the 
final cleavage was effected under basic conditions with NaOH. Weak acid / strong 
acid orthogonality was later introduced with the replacement of the Z group by the 
TFA-labile Bocgroup (Figure 1.1) and the use of HF for final cleavage and side-
chain group (benzyl-derived esters, ethers or carbamates) removal. Development of 
the 9-fluorenylmethoxycarbonyl (Fmoc, Figure 1.1) protecting group by Carpino. in 
the early 1970's paved the way for the extended use of a mild orthogonal protecting 
strategy. 7 Nowadays, the base piperidine is employed for Fmoc-deprotection and 
peptide elongation whereas trifluoroacetic acid performs side-chain deprotection 
(usually t-Bu or Boc deprotections) and release of final peptide into solution. This 
Fmoc / t-Bu strategy was the one favoured in this project. 
0 	 0 	 0 
011y _~0111_, 	
17 
 Y 0-1--i 
Z 	 Boc 	 Fmoc 
Figure 1.1: Commonly used protecting groups for SPPS. 
Coupling Reagents 
Concerning coupling tactics, Merrifield took advantage of the approach introduced 
by Sheehan and co-workers to activate the carboxylic acid moiety with dicyclohexyl 
carbodiimide (DCC), allowing formation of peptidic amide bonds via reaction with 
3 
amines. 8 In this process, formation of the urea by-product stemming from DCC 
constitutes the driving force of the reaction. The drawback with using DCC in SPPS 
is the insolubility of the dicyclohexyl urea generated. This insolubility makes its 
removal from the solid support rather difficult, and improved procedures for solid-
phase strategies have thus favoured diisopropyl carbodiimide (DIC) as the 
carbodiimide coupling agent due to better solvation of the corresponding urea in 
common peptide solvents. Moreover, amide bond formation was found to be 
improved by the presence of hydroxybenzotriazole (HOBt) as an additive in the 
reaction mixture.9' 10  In this case, formation of an activated OBt ester, more 
susceptible to nucleophilic attack by the amino partner, leads to rapid peptide. 
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Scheme 1.2: DIC / HOBt - mediated peptide coupling. 
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The procedure thus described leaves little time for racemisation to occur and affords 
the targeted solid-bound amide product via an activated OBt ester formed in situ. 
Other coupling agents and strategies appeared later, such as B OP," PyBOP,' 2 
PyBroP,' 3 and HBTU,' 4 thereby expanding the range of choices available for use,' 5 
but the carbodiimide-mediated coupling method was the major approach used in this 
thesis for its robustness and efficiency. 
I.1.b Linkers 
A linker is a bifunctional chemical entity joining the solid support and the compound 
being synthesised. Linker technology responds to the need for a controllable means 
to initially catch and finally release a molecule of interest after a number of chemical 
transformations. Once the linker is loaded onto the resin, the resulting combination 
can be compared to an insoluble protecting group. The linker being used must allow 
not only easy substrate attachment onto the solid support but also its selective 
cleavage under mild conditions to reveal the desired functionality. In addition, the 
linker must be stable under the conditions employed during the planned synthetic 
route. The choice of an appropriate linker is therefore crucial to the success of a 
synthesis. The linkers available for synthesis today have been designed to be 
susceptible to cleavage under a specific set of chemical conditions, e.g. basic or 
acidic. 1 6, 17, 18 Their cleavage triggers the release of various functionalities such as 
primary amides, following TFA-mediated cleavage of the Rink' 9 amide linker 
(Figure 1.2), or secondary/tertiary amides when an oxime linker is treated with 
nucleophilic amines. 20 Carboxylates are afforded via cleavage of the Sasrin linker, 2 ' 
a more acid sensitive version of the original Wang linker, 22 while amines can be 
synthesised with the acryloyl REM resin via Hoffhiann elimination. 23 Ellman and 
Thompson devised an anchored analogue of the dihydropyran protecting group to 
permit the attachment and release of alcohols. 24 Photolabile ortho-nitrobenzyl linkers 
have a long history in SPS, for example with the preparation of phenolic steroids. 25 ' 
26 On the other hand, various linkers are cleaved with formation of a C-H bond. 27 For 
example, protodesilylation of a silicon linker yielded aryls, 28 while cleavage of a 
selenium linker afforded olefms.29' 30  Among the wide range of linkers available, the 
5 
acid-labile Rink amide linker was chosen for the SPPS part of this project to release 
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Figure 1.2: Linkers for SPS. 
I.1.c Resins 
Since Merrified developed polystyrene (PS) cross-linked with 1-2% divinylbenzene 
(DVB) back in the early days of SPPS, it has been one of the most popular polymer 
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Figure 1.3: Polystyrene cross-linked with DVB. 
However, because of its hydrophobic character, conferred by the presence of PS and 
DVB, 3 ' poor swelling characteristics in polar solvents were reported by Merrifeld. 6 
This drawback, and the need for polymer supports stable to continuous flow 
conditions led to the formulation of new resins, i.e. more polar cross-linked acrylate 
resins such as Sheppard's polyamides, 32 and later PEGA 33 or CLEAR 34 resins 
(Figure 1.4). 
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Figure 1.4: Preparation of (a) Sheppard's polyamides, 
(b) PEGA and (c) CLEAR resins. 
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These ammomethyl functionalised resins were developed as hydrophilic and flexible 
alternatives to polystyrene but their polyacrylamide backbone did not prove to be 
compatible with all commonly used reagents. Reaction kinetics and swelling 
properties in polar solvents were improved at the expense of robustness and loading 
capacities. 
Another technique employed to achieve better swelling performances in almost all 
solvents consisted in grafting poly(ethylene glycol) chains onto a hydrophobic 
polystyrene backbone to afford amphiphilic PS-PEG based resins such as 
commercially available TentaGelTM 35,36 or ArgoGel ' (Figure 1.5). 
•4OOH 	 f4oH 
 8 
____4rM
- 0 H 
(a) 	 (b) 
Figure 1.5: (a) TentaGelTM  and (b) ArgoGelTM resins. 
To overcome the shortcomings of cross-linked resins, soluble polymer supports were 
also developed based on linear polystyrene and poly(ethylene glycol).38' 39, 40, 41 In 
this case, tedious product recovery and purification were necessary, generally 
requiring precipitation and / or recrystallisation of the soluble polymer-bound entities 
in an appropriate solvent and subsequent filtration to wash away the impurities. 
Nowadays, commercial production of resins already derivatised with useftil 
functionalities or linkers is commonplace. Each resin is tailored to exhibit a specific 
set of properties to make it ideally suited for a unique range of chemical strategies. 
Traditional, cross-linked polystyrene resin was used in this project within the plugs 
since it had the robustness required to withstand the process involved in the 
manufacture of plugs (see Section I.1.d). 
8 
I.1.d Resin Handling and Solid Supports 
Resin beads are still the format of choice in combinatorial chemistry due to the 
knowledge acquired in their use and their preparation, their commercial availability 
and mechanical stability. However, they are not very handy to manipulate and many 
investigations, reviewed in the following section, have described the use of resin in 
predefined quantities for parallel synthesis. 
. Historical Overview 
Geysen started the trend of new resin formats when his group published a method to 
simultaneously produce an array of compounds on a 96-well plate format. 42 This first 
example of Multiple Parallel Synthesis (MPS) utilised a fixed matrix of 96 
polyacrylic acid-grafted polyethylene pins which were functionalised to provide sites 
for SPPS at the head of each pin. Typically, pins were 40 mm long with a 4 mm 
diameter and had a 10-100 nmol loading capacity per pin. Preparation of all 208 
possible hexapeptide fragments of protein VP 1 was rapidly accomplished with this 
"multipin" array technique. 
A year later, Houghten developed the concept of "tea-bags", which consisted of 
classical polystyrene-based functionalised resin beads sealed within separate labelled 
polypropylene mesh "bags". 43 Each "bag" was generally of 15 x 20 mm size, with a 
range of thicknesses and mesh sizes available. This method allowed parallel peptide 
synthesis to be accelerated by keeping each peptide sequence in a separate porous 
container, with all bags being pooled during common steps. 
These methods have been expanded to allow the use of radiofrequency tagging or 
colour encoding. Thus, SynPhaseTM Lanterns or Crowns, an evolution from the 
"multipin" system,44' £ 46, 47 can be colour encoded through the use of coloured 
holding stems. Several tagged modular lanterns, grafted with either hydrophobic 
polystyrene or hydrophilic polyamide as a surface polymer, can be accommodated in 
the same reaction vessel for simultaneous synthesis involving common steps. hon 
KansTM, where loose resin is encapsulated in a rigid "tea-bag" with mesh side walls, 
were also designed as modular solid-phase supports. They are available in several 
9 
sizes and can contain 30-300 mg of conventional resin beads. The Kans were 
traditionally built with polypropylene and used small radiofrequency transponder 
devices as encoding strategy to store information about the synthetic sequence,48' 49 
but the latest versions are made from a teflon mesh derivative while a 2D bar-code 
replaces the radiofrequency tag. However, these supports are often inconvenient as 
they require additional processes before use. A more recent alternative approach is 
the use of monolithic polymer rods, prepared from styrene and DVB- or PEG-based 
cross-linkers by Sherrington and co-workers. 5° These rods were sliced to form discs 
of the appropriate size to provide enough compound to be characterised. 
. Resin PlugsTM 
A different form of resin handling was developed in our group and commercialised 
by Polymer Laboratories Ltd, i.e. PlugsTM,  where the synthesis resin is co-sintered 
with a chemically inert ultra-high molecular weight polyethylene matrix (typically in 
a 1 : 2 ratio), via a combination of temperature and pressure (Figure 1.6) . 51  This 
modular cylindrical support is available in two shapes (cylindrical s- plugs or tubular 
rn-plugs, Figure 1.6), depending on the polytetrafluoroethylene mould used, and 
allows much easier manipulation of resin since it avoids the time-consuming process 
of weighing. Moreover, apart from toluene, resin plugs are compatible with any 
common organic solvent, hot or cold, and are stable to vigorous stirring and 
centrifugation. Despite taking longer to react and to wash than free flowing resin, 
they offer access to a variety of strategies such as multiple parallel synthesis or "split 
and mix" methodologies by incorporating radio-frequency transponders for 
encoding. Unlike the MPS technique previously described, where individual 
compounds are prepared in separate reaction vessels, the "split and mix" approach, 
first devised by Furka 52' and developed by the groups of Houghten 54 and Lam, 55 
allows the rapid generation of multiple products formed simultaneously within the 
same reactor by dividing and recombining resin after each step." 3  Additionally, the 
capacity of resin plugs to be easily sliced for qualitative tests makes them perfectly 





Figure 1.6: (a) s-plugs (9 mm x 7.5 mm): dry, swollen in DMF, after TFA 
cleavage (left to right); (b) dry rn-plug (12.5 mm x 5.5 mm o.d. x 1.9 mm i.d.). 
1.2 Solid-supported Catalysts 
I.2.a Principle 
The utilisation of resins in solution-phase chemistry is well known but has 
remarkably increased over the past ten years. Functionalised polymers have thus 
found applications in synthesis, with solid-bound reagents and catalysts,56' 57, 58, 59 
and in purification processes, with polymer-supported scavengers based for example 
on ion exchange resins. 60, 6!, 62, 63 
Unlike solid-phase methodologies, the principle involved in this case is the coupling 
of the catalyst or the reagent, needed for reaction / purification, onto the insoluble 
support while the substrate of interest remains in solution. This concept allows 
therefore conventional solution-phase analytical techniques to be employed for 
monitoring the transformation or purification. Another advantage conferred to 
reagents by their attachment to a polymer support is their compatibility. Once solid-
bound, previously incompatible reagents can thus be used simultaneously in 
multistep syntheses. 
When devising a catalyst, several environmental issues have to be addressed, 
recyclability being one of the most important. Thus, catalysts that are recovered 
inexpensively and without significant waste generation and efficiently deliver 
products of high purity and low toxicity are much in need, especially within the 
pharmaceutical industry. Moreover, combinatorial chemistry demands that catalysts 
promote reactions efficiently and selectively while being easily adaptable to 96-well 
plate format. Repeated weighing of catalysts or substrates for a library synthesis and 
subsequent purification of each mixture is costly and time-consuming. These 
requirements have therefore led to the development and the use of several polymer-
supported catalysts for different organic transforrnations.M65 
There is thus growing interest in metal-catalysed reactions in organic synthesis and 
more particularly in palladium-catalysed transformations of organic materials. To 
address the concerns of recovery and reusability of the catalysts in this area, several 
polymer supports have been developed with varying degrees of success. 
Traditionally, metals such as palladium have been adsorbed onto inorganic supports 
such as silica, 66 alumina,67 molecular sieves, 68 calcium carbonate, 69 clay70 or 
charcoal. 7 ' Alternative supports recently investigated include dendrimers,72' ' sol-gel 
materials, 74 reverse micelles 75 and poly(vinylpyridine) nanospheres. 76 Aspects of this 
thesis will be devoted to Pd catalysts anchored onto organic polymers. 
I.2.b Nature of the Interactions with the Polymer Support 
Three main procedures have predominantly been used to tether catalysts onto organic 
solid supports: a) covalent binding, b) ion-pair formation and c) encapsulation. Of 
these, the first one is attractive due essentially to its broad applicability. This section 
reviews these different methods, with relevant examples. 
. Covalent Binding 
This type of attachment method is very popular when devising a catalyst for use on a 
polymer support as covalent binding is associated with stability. 
A strategy greatly favoured in the covalent binding of metal catalysts onto solid 
supports is through ligand grafting. Generally, derivatisation of the support takes 
place before the metal can be loaded via ligand substitution with complexes as metal 
sources. Most of the ligands involved displa' a donor atom such as P, N or S, 
enabling coordination to the metal center through lone pair donation and thereby 
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stabilisation of the resulting complex. Phosphine ligands are routinely chosen to 
anchor catalysts as the procedure is well known and the precursors are readily 
available. Grubbs and Kroll thus reported the immobilisation of a phosphine rhodium 
complex onto a cross-linked polystyrene resin, 77 via chloromethylation followed by 
the phosphide displacement of the chioro groups with lithium diphenyiphosphide 
(Scheme 1.3). Subsequent incubation of the resulting functionalised resin with 
tris(triphenylphosphine)chlororhodium for 2-4 weeks afforded the solid-bound 
analogue of Wilkinson's catalyst 1. The resulting PS-supported rhodium complex 1 
catalysed the hydrogenation of a variety of acyclic and cyclic olefins. The reaction 
rate was found to be directly linked to the size of the alkene. Ten cycles could be 
performed without any loss of activity, with easy recovery of catalyst 1 by simple 
filtration. 
CH3CH20CH2CI 	 Ph2P-Li 
SnCI4 	CI 	 THF 
RhCI(PPh3)3 
Ph2P" — 	 Ph2P- 
RhCIL I 
Scheme 1.3: Preparation of solid-bound version of Wilkinson's catalyst 1. 
Another synthetically-useful reaction to benefit from immobilisation of the catalyst 
on solid support was the Pauson-Khand reaction. In this process discovered in 1971, 
an alkene and an alkyne were reacted in the presence of dicobaltoctacarbonyl as a 
catalyst, under an atmosphere of carbon monoxide, to afford a cycl opentenone. 78 
Comely heated a mixture of commercially available polystyrene-supported 
triphenyiphosphine with CO2(CO)8 to anchor the latter and give air-stable 2 (Scheme 
The resulting cobalt complex 2 successfully catalysed the transformation of 
two enyne substrates into the corresponding bicyclic cyclopentenones in 61% and 









Scheme 1.4: Preparation of PS-supported cobalt catalysts 2. 
61% 
TsN 	- 
Co catalyst 2, 5mol% 







Scheme 1.5: Conversion of enynes into cyclopentenones using resins 2. 
Leadbeater and co-workers prepared phosphme-based cobalt catalysts 3 (Figure 1.7), 
from PS-PPh2 and CoC12(PPh3)2, which were useful for the oxidation of alcohols to 
carbonyl compounds, 8° while Sherrington devised PS-supported platinum catalysts 4 








Figure 1.7: Leadbeater's Co catalyst 3 and Sherrington's Pt catalyst 4. 
In 1999, Barrett reported a solid-supported version of the Grubbs catalyst for ring 
closing metathesis. 82 The anchored reagent 5 was prepared by shaking a mixturç of 
the corresponding ruthenium carbene and vinyl polystyrene (Scheme 1.6). Its 
activity was assessed with seven substrates, and conversions into the corresponding 
olefms were similar to those obtained with the homogeneous Grubbs catalyst 
(conversions in brackets in Table 1.1). The level of ruthenium leaching was 
minimised by the immobilisation of the catalyst. The "boomerang" ruthenium 
catalyst 5, thus termed due to the "active species release and recapture" mechanism 
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involved, could be recycled two times before showing loss of activity. A second-




PCy3  Ph 
0CM, rt, 1-2 h 
Ps 
Scheme 1.6: Solid-supported Grubbs catalyst S for olefin metathesis. 
Entry 	Substrate 	Product 	Conversion (%) 
EE EE 
A 100 (100) 
EE EE 
2 	 95 (100) 
EE 	 EE 




S 	85 (90) 
	
o 	 0 	
100 (100) 
Ph 	 Ph 
6 	 TsN 	 TsN 100 (100) 
7 	OPN 	OON: 	 40(45) 
E 	 E 
Table 1.1: RCM reactions using polymer-supported catalysts 5. 
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. Ion Pair Formation 
In comparison to other techniques and despite being favoured in the preparation of 
solid-bound reagents, only a few reports have described the use of this method to 
anchor catalysts onto a support. Typically, when applied to the catalysis field, active 
metal ions are bound to complementary resin sites. Ley developed a polystyrene-
bound analogue of tetra-n-propyl-ammonium perruthenate (TPAP) 84  Its preparation 
involved reaction of potassium perruthenate with an anion-exchange resin bearing 
quaternary ammonium groups (Amberlyst JR 27) and subsequent ultrasonification of 
the mixture. The utility of the resulting solid-supported TPAP 6 was demonstrated in 
a series of alcohol oxidations, used catalytically in the presence of either NMO or 
TMAO as a co-oxidant (Scheme 1.7). 
OH 	 Ru04 6 	
(L Pf) 	0 
RR' 	 R1R' 
0CM, rt, 50-95% 
R = alkyl, aryl 
R' = alkyl, H 
Scheme 1.7: Alcohol oxidations using resin-bound perruthenate 6. 
Choudary devised a resin-bound version 7 of an osmium catalyst (Figure 1.8) and 
investigated its use and recyclability in asymmetric dihydroxylations of a- 
methylstyrene with various co-oxidants: 85 ' 86 NMO, K3Fe(CN)6 and 02 all achieved 
consistent catalytic activities over five runs but 02 proved slightly superior with the 
diol afforded in yields between 97% and 99%. 
0-.. 




Figure 1.8: Choudary's polystyrene-anchored osmium catalyst 7. 
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Encapsulation 
Kobayashi's team pioneered the use of encapsulation techniques for the 
immobilisation of catalysts. They introduced a binding technique based on 
interaction between vacant orbitals of metal catalysts and ir electrons of phenyl rings 
from the polystyrene backbone. Thus they showed that water-stable Lewis acid 
catalyst Sc(OT03 could be entrapped into small capsules of polystyrene resin to 
afford microencapsulated Sc(OTf)3, which may be utilised successfully in 
transformations such as imino aldol reactions in a flow system or Friedel-Crafts 
acylations in a batch system. 87  They also used the process to immobilise a number of 
useful catalysts, e.g. microencapsulated tetrakis(triphenylphosphine)palladium for 
allylations or osmium tetroxide (MC 0s04), which was recoverable and reusable at 
least five times in dihydroxylations (Scheme 1.8, Table 1.2).88  Further 
improvements of the method recently led to more chemically resistant "polymer 
incarcerated" ruthenium catalysts (PT-Ru) for the oxidation of alcohols. 89 
O
MCOsO4 (5moI%) 	 OH 
H20/acetone/MeCN 1/1/1 	(::::~OH 
NMO, rt, 12 h 
Scheme 1.8: Dihydroxylations using Kobayashi's MC 0504. 
Cycle 	 1 	2 	3 	4 	5 
Isolated yield (%) 	84 	84 	83 -- 	 84 	83 
Table 1.2: Recyclabiity of Kobayashi's MC 0SO4. 
Ley and co-workers devised a procedure using an interfacial polymerisation 
technique, which will be further described in Section III.1.c, to encapsulate different 
metal catalysts. 90 Among the numerous catalysts anchored via this method, osmium 
tetroxide was successfully used and recycled at least five times during the 
dihydroxylation and oxidative cleavage of various olefms. 9 ' Tests performed on the 
metal microcapsules showed no evidence for leaching of osmium species. 
Following this insight into metal catalysts, Section 1.3 presents the class of reactions 
which has largely benefited from their development, i.e. cross-coupling reactions. 
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1.3 Metal-catalysed Cross-coupling Reactions 
Before tracing back key milestones in the history of cross-couplings, 92 the definition 
of this important process for the field of catalysis should be described, as given by 
the equation in Scheme 1.9, where R and R' are hydrocarbon groups, M is a metal 
and X is a halogen atom. The R' groups must not display fl-hydrogen atoms which 
can eliminate to afford alkenes whereas a wide variation is possible in R groups. In 
recent years, conditions have been developed to allow cross-couplings with 
heteroatoms, e.g. with R* = NR2, OR, PR2 or SR in coupling partner R*M. 
R-M + R'-X 	 ow 	R-R + M-X 
Scheme 1.9: General definition of cross-couplings. 
Until the 1960's, cross-coupling reactions to form carbon-carbon bonds were mainly 
based on the use of organometallics containing magnesium and lithium. The reaction 
of organomagnesium compounds RMgX, also known as Grignard reagents, or 
organolithium compounds RLi was only possible with simple alkyl halides and not • 
with unsaturated halides. Additionally, they displayed low chemoselectivity and were 
thus prone to numerous side reactions. 
In the 1960's, the advent of procedures based on Cu organometallics allowed some 
of these features to be improved. First introduced by Kharasch, 93 various transition 
metal salts were tried as additives to accelerate the reaction rate of cross-couplings, 
in particular organocoppers such as LiCuC1 2 or Li2CuCL, known as the Kochi 
catalyst, which became very popular (Scheme 
+ 	Br_—\ 	
LiCuCl2 , (0.1 mol %) 
THF, 2 °C, 2 h, 94% 
Scheme 1.10: Kharasch's use of organocoppers in cross-couplings. 
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At the start of the 1970's, Kumada and co-workers discovered the rate enhancement 
effect provided by a dihalodiphosphine nickel additive such as NiC1 2(dppe) in the 
cross-coupling of Grignard reagents (Scheme 1.11).96  From this step onwards, the 
scope of cross-couplings expanded and they became more broadly applicable. These 
studies also marked the appearance of the notion of a catalytic cycle for this kind of 
reaction (Figure 1.9). It was thus described with the three main steps as we know it 
today: oxidative addition (step [a]), transmetallation (step [b]) and reductive 
elimination (step [c]). Oxidative addition is generally the rate limiting step, 
transmetallation step is usually slow while reductive elimination proceeds quickly. 
NO2(dppe) (0.7 mol %) 
+ n-BuMgBr 	
Et20, reflux, 20 h, 94% 
CI 	 n-Bu 









Figure 1.9: Catalytic cycle postulated for Kumada's cross-couplings. 
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This evolution, and the discovery of the Heck-Mizoroki reaction paved the way for 
the progressive introduction of palladium as a catalyst, as reported by several 
research groups from 1975 onwards. At first, its use was underexploited since it 
merely served as a replacement for nickel in cross-coupling reactions with Grignard 
reagents or alkenylalanes, despite being more expensive. For example, Negishi 
showed the slight superiority of Pd over Ni in the generation of.conjugated dienes 
(Scheme 1.12). 97 
I 	H 




H 	C4 H9-n 
M = Ni 70%, 95% E,E; M = Pd 74%, 99% E,E 
n-H 1 1 C5 H 
H 	AI(i-Bu)2 	 I>_<C4H9n 
H 	H 	n-H 11 C5 	I-I 
5% ML, 
H 	1-I 
M = Ni 55%, 90% E,Z; M = Pd 55%, 99% E,Z 
Scheme 1.12: Ni- and Pd-catalysed syntheses of conjugated dienes. 
However, palladium started to really justify its cost when the scope of products that 
could be prepared by Pd-catalysed reactions was extended. It offered the great 
benefit of a wide functional group compatibility and allowed a variety of normally 
unreactive partners, organometallics or electrophilic reagents such as aryl halides, to 
be coupled. Reports were thus published with the alkyne version of the Heck 
reaction 98 and its most famous variant, the Sonogashira reaction, which included 
copper(I) salts (Scheme 1.13). 99  
Pd(PPh3)2C12 0  mol %) 
Gui (0.5 moi %) 
I + H_= H 	 Ph_= Ph 
Et2NH, rt, 6 h, 85% 
Scheme 1.13: Cu- and Pd-co-catalysed Sonogashira reactions. 
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The potential offered by organozinc partners was spotted by Fauvarque and Jutand' °° 
at the same period as the Negishi's group.' ° ' It was soon followed by the use of 
zirconium in derivatives intended for palladium-catalysed cross-couplings. 102 The 
utility of zinc was further demonstrated when zinc salts were employed as co-
catalysts to generate more reactive coupling partners (Scheme 1.14). 103 
Phi, Ni(PPh3 )4 , ZnC12 	Et 	Et 










Scheme 1.14: Use of zinc salts as co-catalysts in palladium-catalysed 
syntheses of conjugated dienes from Zr derivatives. 
In 1977, Kosugi begun studies of palladium-catalysed cross-couplings with 
organotins as coupling substrates , 1 04, 105  before Stille' s group focused on the topic.' °6' 
107 It was soon followed by reports of palladium-catalysed C-C bond formation with 
organoborons by Suzuki.'°8' 109  The trend of using more electronegative atoms in 




( O_aOlEt  KF, DMF 
70°C, 10 h, 81% 
Scheme 1.15: Syntheses of biaryls from silicon derivatives and 
aryl iodides, catalysed by palladium complexes. 
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1.4 Conclusion and Aims of the Project 
The huge enthusiasm for combinatorial chemistiy has led to rapid expansion of solid-
phase and solution-phase synthesis, continuously pushing the boundaries. As part of 
these constant developments, clever strategies have been devised to improve the 
manipulation of resins. Unfortunately, none of them fully combines all the 
advantages (e.g. an easy way of handling resin, a useful loading, a compatibility with 
a simple encoding system). PlugsTM  have been devised to address some of these 
issues, displaying a predefined quantity of resin and appropriate functional loadings 
for the targeted applications. 
The aim of the project was first to investigate the structural and swelling properties 
of resin PlugsTM  in order to detect any potential limitations associated with their 
utilisation and to be able to employ them under the best possible reaction conditions. 
The next step was then to evaluate the use of functionalised PlugsTM as convenient 
resin supports and to optimise the conditions for two different major applications: the 
first concerned polymer-supported palladium catalysts, assessed in three essential 
palladium-catalysed cross-coupling reactions (Suzuki-Miyaura, Sonogashira-
Hagihara and Heck-Mizoroki), while the second was the solid-phase synthesis of 
peptides. 
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II CHARACTERISATION OF RESIN PLUG PROPERTIES 
II.! Introduction 
Our initial investigations relied primarily on various analytical techniques to study 
the structural and reactivity characteristics of resin plugs under solvated conditions. 
Understanding the physical properties of a solid support and its interactions with the 
microenvironment, e.g. the solvent, is of paramount importance in order to be able to 
use the support under the most appropriate conditions in chemical reactions. It was 
desirable to assess, for example, the influence of resin characteristics on the swelling 
capacity, and thereby reactive site accessibility, of polymer supports such as resin 
plugs. Swelling occurs when the polymeric matrix is solvated, and thus expands. 
Upon solvation, solid supports termed "gel-type" or "microporous" resins undergo an 
important increase of their overall volume, in contrast with "macroporous" resins 
which possess a rigid porous framework and thus do not experience substantial 
swelling. In this context, many studies have focused on the swelling of various 
polymer matrixes."2' 113, 114, 115, 116 In our study, the cylindrical s-plugs and tubular 
rn-plugs consisted of microporous or macroporous resins, which were derivatised 
with various functionalities (CMS, AMS, Wang linker, Rink amide linker) and 
loaded in differing percentages (20, 30, 40). In order to rapidly gather numerous 
swelling data, it was decided to favour the high-throughput microwave technique. 
Several analytical techniques, such as NMR,"7' 118  IR, 31  EPR,"9' 120  Raman,'21' 122 
and fluorescence,'23' 124  have been applied to the examination of resins with the aim 
of reaching a deeper understanding of various solid support characteristics. 
Fluorescent dyes have for example been used in conjunction with confocal Rarnan 
technique to study kinetics and functional site distribution within resin beads (PS and 
TG).' 25 In particular, the Dansyl dye possesses physico-chemical properties (e.g. no 
tendency to aggregate and convenient spectral characteristics) which prompted 
researchers to use it as a fluorescent label to monitor solid-phase reactions.' 26 
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11.2 Results and Discussion 
I1.2.a Swelling Properties 
Usually, the swelling capacity of resins is determined by the syringe metho& 27 
where the swollen volume of beads soaked in a solvent is compared to the dry bead 
bed volume. However, this simple method was not adaptable for measurements of 
the macroscopic properties of modular supports such as resin plugs. In our case, 
quantitative swelling studies were conducted by measuring the dimensions of the 
plugs (length and diameter) with a digital calliper in its initial dry state, and then in 
its solvated state, with calculation of the resulting volume increase. 
. Effect of Solvent Volume Variation 
Initially, the behaviour of chioromethyl resin s-plugs (30% of CMS resin beads) was 
investigated when subjected to microwave irradiation at a fixed temperature of 130 
°C for 5 minutes but with differing amounts of DMF. As can be seen in Figure 2.1, 
significant differences could be observed, whereas none was visible at room 
temperature, before irradiation. 
Figure 2.1: Visual effect of solvent volume variation on CMS s-plugs 
(30% pP resin) under microwave irradiation (5 mm) at 130 °C. 
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Increased swelling of the plugs was observed on increasing the amount of DMF 
which even led to the plugs deforming and breaking. In the case of the highest DMF 
volumes, cracks observed within the plugs got bigger until the polyethylene matrix 
lost its shape (Figure 2.1). These results show that the solvent volume used had to be 
minimal for optimal utilisation of the plugs in the microwave set-up. The solvent 
volume was set to 2 mL in subsequent swelling experiments. 
. Effect of Temperature Variation 
Chloromethylstyrene resin s-plugs (30% of CMS resin) were subjected to microwave 
irradiation at different temperatures in DMF and measured. The resulting volumes 
were calculated (Figure 2.2). 
Figure 2.2: Visual effect of temperature variation on CMS s-plugs 
(30% uP resin) under microwave irradiation (5 mm). 
Increased swelling/distortion of the plugs was observed on increasing the 
temperature of the microwave which led to the plugs getting distorted and becoming 
brittle. This visual observation was confirmed by measuring the plugs dimensions 
and plotting the resulting volume increase [(7rr i 2L i - ir1722L2) / 7rr2 2L2] against 










20 Ei Li 10 
NopW, 90 100 	110 	120 	130 
RT 
pW T (°C) 
Figure 2.3: Volume increase of CMS s-plugs (30% uP resin) 
at various microwave temperatures. 
According to these results, the volume of the plugs increased steadily with 
temperature (Figure 2.3). However, their length seemed to reach a limit at 120 °C, 
while their diameters continued increasing at 130 °C. As for their swelling at room 
temperature in DMF, the increase in length was insignificant but less negligible for 
the diameter. From these results, it appeared wise to use the plugs at a temperature 
not higher than 100 °C to ensure that they remain intact after a microwave reaction. 
. Effect of Solvent Variation 
Given these results, it was decided to investigate the "swellability" of the 
chioromethyistyrene resin s-plugs in a range of solvents commonly used in solution 
and solid phase synthesis. 
As a preliminary test, the swelling of resin beads within a CMS resin s-plug slice was 
monitored at room temperature in DMF, by taking pictures of the plug slice every 10 
minutes through a microscope (viewed at a magnification of x 40) under visible light 
and reprocessing them with the software Image Pro Plus (Table 2.1). According to 
these results, the beads seem to reach a constant size after 20 minutes at room 
temperature in DMF. Therefore, in the following experiments, 30 minutes was 
deemed sufficient to ensure the swollen resin s-plugs have reached their final size. 
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Time (mm) 	Bead 1 radius (urn) 	Bead 2 radius (urn) 
0 133 127 
10 162 139 
20 155 134 
30 155 135 
40 155 - 	 135 
Table 2.1: Swelling of 30% uP resin beads within a CMS s-plug slice with time. 
To fuily investigate the swelling ability of the chloromethylstyrene resin s-plugs in 
different solvents, the same experiments were conducted on analogous plugs, 
consisting of the polyethylene matrix only. Thus, 4 plug measurements were taken: 
Initial s-plug (Start) 
Plug after 30 minutes solvation at room temperature (RI) 
Plug after microwave irradiation at 100 °C for 10 minutes (uW) 
Plug after washing and drying at 50 °C for 10 days (Dried) 
From these results, the most important "solvation effect" on the PE matrix was found 
to occur in DCM and THF, with a small effect being found in dioxane and acetone 
(Table 2.2). However, this effect seemed to be insignificant in all other solvents. 
With the CMS resin s-plugs, the resulting volume increase compared to the initial 
plug was calculated and plotted for each solvent (Figure 2.4). Taking into account 
the "PE matrix solvation effect", THF, NMIP, DCM, and dioxane to a lesser extent, 
showed the best swelling abilities (Table 2.2 and Figure 2.4). DMF was also a 
relatively good solvent for swelling, unlike acetone and particularly DMSO and 
MeCN which were not effective. The observed solvent effects with PS-CMS s-plugs 
mirrored closely the swelling behaviour reported for PS resins.128' 129  These results 
concur well with common practice in solid-phase organic chemistry where solvents 
such as THF, dioxane, NMP, DMF and DCM are used to expose reactive sites in 
resins. 
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Solvent NMP DMSO DMF Dioxane THF Acetone DCM MeCN 
PmwjB&S) in 1uW 0.7 0.6 0.7 2.5 3.0 4.0 7.5 2.5 
Start 
L (mm) 9.34 9.34 9.16 9.43 9.27 9.45 9.21 9.25 
(dry) D (mm) 7.34 7.34 7.32 7.30 7.36 7.29 7.30 7.32 
L (mm) 9.34 9.36 9.16 9.43 9.34 9.46 9.28 9.25 
D (mm) 7.34 7.34 7.32 7.32 7.38 7.30 7.36 7.32 
RT  
Volume 
o o 0 1 1 0 2 0 
increase (%) 
PE _____ 
L (mm) 9.37 9.37 9.19 
__________  
9.61 9.54 9.55 9.46 9.25 
matnx ___________ 
D (mm) 7.34 
______ 
7.34 7.32 7.30 7.50 7.36 7.50 7.30 
s-plug 1uW 
Volume 
o 0 0 2 7 3 8 0 
increase (%) 
L (mm) 9.36 9.34 9.16 9.43 9.28 9.46 9.23 9.25 
D (mm) 7.34 7.34 7.32 7.32 7.38 7.30 7.32 7.32 
Dried  
Volume 
o 0 0 1 1 0 1. 0 
increase (%) 
Start L(mm) 9.59 9.52 9.68 9.61 9.30 9.61 9.41 9.61 
(dry) D (mm) 7.68 7.70 7.72 7.70 7.68 7.48 7.70 7.77 
• L (mm) 11.05 9.52 10.33 10.69 10.87 9.70 10.74 9.59 




48 1 17 37 53 10 49 0 
30% increase (%) 




D (mm) 9.16 7.92 8.42 8.91 9.46 7.99 9.27 7.70 
Volume 
72 8 30 55 86 16 76 0 
increase (%) 
L(mm) 10.96 9.68 10.31 10.17 10.27 9.61 10.02 9.61 
Dried 
D (mm) 8.64 7.90 8.15 8.22 8.33 7.70 8.20 7.77 
Volume 
__________  
45 7 19 21 30 6 21 0 
increase (%) 
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Some beads leaching from the CMS resin s-plugs was observed when using THF, 
DCM, dioxane, acetone and MeCN whereas almost none was observed with NMP, 
DMSO and DMF. This effect was probably due to the build-up of pressure in the vial 
which was much higher with lower boiling point solvents (Table 2.2) and led to 
some leaching and cracks in the plugs. In some cases, the solution even became 
cloudy. 
Figure 2.4: Volume increase of CMS s-plugs (30% uP resin) in various solvents. 
On the whole, DMF seems to be the best solvent to conduct experiments with CMS 
resin s-plugs under microwave irradiation at 100 °C since it allowed them to swell 
with negligible leaching observed. 
. Effect of Recycling 
The swelling ability of a classic chloromethylstyrene resin s-plug was assessed upon 
recycling in DMF, at room temperature and after microwave irradiation for 10 
minutes at 100 °C, with the volume increase of the plug calculated and plotted for 
each cycle (Figure 2.5). From these results, it can be seen that the plug remained 
intact during the seven cycles with little leaching of beads and that it reached an 












:11 a) U) (5 C) U C, E Q CD 
pWT(°C) 
030% MP S 
•30% pP S 
















Cycle 	 7 
Figure 2.5: Volume increase of a CMS s-plug (30% pP resin) upon recycling. 
. Effect of Resin Beads Structure 
It was interesting to study the swelling ability of various s-plugs with differing resin 
characteristics, in a similar manner. Experiments as described in previous sections 
were thus conducted at different temperatures in DMF with aminomethyistyrene 
resin s-plugs containing various percentages and types of resin beads: 30% 
microporous (uP), 30% macroporous (MP), 40% microporous. The resulting volume 
increase was calculated and plotted against temperature (Figure 2.6). 
Figure 2.6: Volume increase of AMS s-plugs (30% pP, 30% MP or 40% pP 
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As expected, plug swelling was significantly reduced with the macroporous resin at 
all temperatures. Furthermore, the higher the percentage of resin beads, the greater 
the volume increase, at lower temperatures. However, while the volume of 40% resin 
s-plugs steadily increased, the volume of 30% resin s-plugs underwent a sudden, 
sharp increase which led them to "burst" and lose their shape at 140 °C (Figure 2.6). 
Interestingly, switching from DMF to a mixture of DMF : H20 (2.7: 1), the swelling 
characteristics were dramatically reduced for s-plugs containing microporous resin, 
leaving the plugs intact at higher temperatures (Figure 2.7). The volume increase 
was also lower with the 30% macroporous resin s-plug and no big crack was 
observed, highlighting further the utility of this solvent mixture. Comparing plugs 
with the same resin (30% microporous) but with a different shape, tubular rn-plugs 
led to a smaller volume increase than s-plugs since they have room to accommodate 
swollen beads in their inner void, thereby making rn-plugs more robust and less 
prone to "burst" than the corresponding s-plugs. 
Figure 2.7: Volume increase of AMS plugs with various resins at 
different microwave temperatures (10 mm) in DMF: H20. 
In the next set of swelling experiments, the parameters varied were the type of 
functionality on the resin (CMS, Wang linker or Rink linker) and the percentage of 
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at room temperature and after microwave irradiation for 10 minutes (at 70 °C and 
100 °C, respectively), their swelling capacity was additionally assessed in DMF 
when a transponder had been inserted into their hole. The resulting graphs, plotting 

















Figure 2.8: Volume increase of rn-plugs with various types and percentages 
of resins in DCM (microwave temperature of 70 °C for 10 mm). 
Resin type 
Figure 2.9: Volume increase of rn-plugs with various types and percentages 















Figure 2.10: Volume increase of transponder-equipped rn-plugs with various types 
and percentages of resins in DMF (microwave temperature of 100 °C for 10 mm). 
As with classic s-plugs, the size of the rn-plugs increased steadily at room 
temperature and under microwave irradiation. As expected, in every case, it also 
increased with the percentage of resin beads in the plug. Additionally, beads leaching 
was more noticeable than with classic plugs without any hole, probably because of 
the greater surface area exposed. 
The results also indicated that linker attachment had a strong influence on the 
swelling behaviour of the rn-plugs. At every stage, rn-plugs bearing the hydrophobic 
Rink amide linker or the CMS functionality displayed reduced swelling in polar 
DMF but exhibited a significantly higher swelling capacity in DCM. By contrast, the 
more hydrophilic Wang linker led to improved swelling volumes in DMF, compared 
to DCM. 
Concerning the third experiment where transponders had been inserted in the hole of 
the plugs, the transponders withstood well microwave irradiation, with both the plug 
and the transponder remaining intact. Moreover, compared with the second 
experiment, on the whole, the trend observed in the volume increase for any given 
plug was the same, with or without inserted transponder. 
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II.2.b Bead Distribution 
. Fluorescence Studies 
Different techniques were used to study bead distribution within the plugs. Initially, 
aminomethyl resin s-plugs were coupled to dansyl chloride 8 to yield resin plug 9 
(Scheme 2.1). This species was chosen as the fluorescent probe since it reacts readily 
with primary amines and it is not fluorescent prior to reaction. 
SO CI 
- 
H 2 N 	TEA 	 'P 
DMF, PW, 100 °C 
orDCM,RT 
8 	 9 
Scheme 2.1: Preparation of Dansyl-loaded s-plugs 9 
One plug was loaded at room temperature (Figure 2.1 1.a) and two plugs under 
microwave irradiation at 100 °C, one in DMF (Figure 2.11.b) and the other in DCM 
(Figure 2.11.c). 
(a) 	 (b) 	 (c) 
Figure 2.11: Dansyl-loaded s-plugs prepared (a) in DCM, RT; 
(b) in DMF, pW, 100 °C; (c) in DCM, pW, 100 °C. 
The aminomethyl resin s-plug withstood the microwave conditions well in DMF 
(Figure 2.1 1.b) but seemed crushed and "burnt" after the microwave reaction in 
DCM (Figure 2.11.c). This is probably due to the build-up of pressure in the vial 
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during the reaction which was much higher (7 Bars) with a low boiling point solvent 
such as DCM rather than with DMF (0.3 Bar). As can be seen from the image 
(Figure 2.11.c), it seems that the polyethylene matrix has now got "pores" and that 
the polystyrene beads have agglomerated, forming a darker inner core. 
Images of the dansyl-loaded s-plug synthesised in the microwave (Figure 2.1 1.b) 
were taken under visible light and UV light (Figure 2.12.a and Figure 2.12.b, 
respectively), with an initial aminomethyl resin s-plug (on the right of each image) 
present as a blank. 
(a) 	 (b) 
Figure 2.12: Dansyl and AMS s-plugs under (a) visible light; (b) UV light. 
These images showed that the beads were not fluorescent initially and that the 
fluorescence was therefore due to the dansyl group being loaded onto the beads 
(Figure 2.12.a and Figure 2.12.b). 
The plug prepared in DMF in the microwave was sliced and studied under UV light 
in order to check that the fluorescent beads could be distinguished from the matrix 
and were not only on the surface of the plug (Figure 2.13). 
Figure 2.13: Dansyl s-plug slices under U' light. 
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As can be seen from these images, the reaction took place on the outside of the plugs 
first, gradually reaching the beads of the inner core which were less accessible 
(Figure 2.13). This study could help to assess the kinetics of this specific reaction 
within the plug. However, it could not give a precise account of the distribution of 
the beads within it. The fact that there was less fluorescence as we progress towards 
the centre of the plug does not necessarily mean that fewer beads are present in the 
centre. It just means that the reaction had not taken place and suggests that the rate of 
diffusion of the reagents into the plug is slower than the rate of coupling. 
Finally, images of a dansyl plug slice were also taken with a microscope (viewed at a 





Figure 2.14: Microscope images of a dansyl s-plug slice under 
(a) visible light; (b) UV light. 
The beads were clearly discernible from the polyethylene matrix and remained intact 
within the plug after microwave irradiation (Figure 2.14.a and Figure 2.14.b), 
highlighting the compatibility of the solid support with the use of this techiiique. 
. Raman Studies 
Raman microspectrometry allows the detection of various functionalities in a 
30  It has already been used in conjunction with confocal microspectrometry 
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to investigate the internal functional site distribution of solid supports by recording 
the Raman emissions from samples.' 2 ' To verify bead distribution within plugs via a 
second method, it was decided to take advantage of the two types of polymers 
contained in such a solid support, namely PS for the resin and HDPE for the matrix. 
Since these polymers display different Raman spectra, a two-dimensional mapping of 
a quarter of a slice of a Merrifield resin s-plug was conducted using a scanning 
confocal Raman microscope with a reference PS peak (1002 cm) and a reference 
HDPE peak (2883 cm').' 3 ' The different intensities of the 1002 cm' band were 
assigned to different shades of green and the different intensities of the 2883 cm' 




lvii e to meters 
Figure 2.15: 2D mapping of a quarter of a slice of a Merritield s-plug. 
The plug slice was successfully mapped since the PS resin beads are easily 
distinguished from the HDPE matrix and the edge of the plug is clearly visible 
(Figure 2.15). Moreover, the map shows a relatively uniform bead distribution 
within the matrix. 
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11.3 Conclusion 
The behaviour of the plugs was investigated under microwave irradiation and, after 
analysis of their physical characteristics (i.e. swelling), it was concluded that, for 
optimal utilisation, temperatures up to 100 °C and a minimum amount of solvent 
should be used. To ensure that plugs remain intact after miôrowave irradiation, the 
importance of using a mix of "good" solvents (e.g. DMF) and "poor" solvents (e.g. 
H20) was also highlighted. 
The preparation of fluorescent plugs demonstrated that diffusion of the reagents into 
the plug was the rate-limiting step, while Raman microscopy analysis of a Merrifield 
plug slice showed uniform bead distribution within the solid support. 
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III SYNTHESIS OF PLUG-SUPPORTED Pd CATALYSTS 
III.! Introduction 
III.1.a Solid-supported Phosphine-bound Palladium Complexes 
Palladium complexes based on phosphine ligands are routinely employed in various 
catalytic C-C bond forming reactions. However, work-up and purification have long 
proven to be problematic, which led to Trost and co-workers reporting the first 
immobilisation of a phosphine-based complex on a cross-linked polystyrene resin. 132 
The Trost synthesis involved phosphide displacement of the chloro groups from 
Merrifield resin with lithium diphenylphosphide (Scheme 3.1). Subsequent 
coordination of Pd(0), from tetrakis(triphenylphosphine)palladium as the Pd source, 
by ligand substitution gave catalyst 11. 
Ph2P-Li Pd 
Cl 	 THF P 2P ' h  Ph2 
10 	 PdL 	11 
Scheme 3.1: Preparation of polymer-supported Pd catalyst 11. 
Trost claimed two main advantages of using this PS-supported version of the 
catalyst: firstly its activity upon storage in the dry state could be retained for an 
extended period of time, and secondly a steric steering effect was found to result in 
increased selectivity, when compared to the analogous, soluble Pd complex. Thus 
the outcome of the reaction of the allylic acetate 12 with diethylamine was different, 
depending on whether the Pd catalyst was bound to the support or not (Scheme 3.2). 
CO2Me 
Et2NH, THF iOAc  Pd catalyst 
12 
CO Me 	CO2Me 
NE~ 	
611, NEt2 + 
Scheme 3.2: Pd-catalysed reaction of allylic acetate 12 with diethylamine. 
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Pd catalyst 	13 (%) 	14 (%) 
11 	 100 	 0 
Pd(PPh3)4 67 33 
Table 3.1: Diastereoisomers reaction distribution. 
The use of Pd(PPh3)4 yielded a mixture of diastereoisomers 13 and 14 whereas its 
supported version 11 only gave product 13 with net retention of configuration (Table 
3.1). This result was presumably due to the steric hindrance conferred by the polymer 
support, preventing the direct coordination of the nucleophilic amine to the metal and 
therefore access to product with inversion of configuration 14. 
In reports on immobilised phosphine-based Pd complexes, polymer-bound bidentate 
phosphines'33' 134 gradually emerged as alternatives to monodentate ones.'35' 136  Fox 
devised, for example, an anchored Pd complex which displayed enhanced activity 
and stability in the Heck reaction compared to the corresponding homogeneous Pd 
catalyst.' 36 
In 1997, Jang investigated the use of resin-bound Pd catalyst 11, prepared with PdC12 
as Pd source followed by reduction of the resulting complex using hydrazine hydrate, 
in the Suzuki reaction of organoboranes with various electrophiles.' 37 One 
representative example for each electrophile (alkenyl bromide and aryl triflate) is 
shown in Schemes 3.3 and 3.4. 
	




Bu 	B-4(\ 	H 	Ph Benzene,80°C 	H 	Ph 
Scheme 3.3: Solid-bound palladium-catalysed Suzuki reaction 
between an organoborane and an alkenyl bromide. 
11, K3PO4 
Me—cB(OH)2 + TfO—( ---- 3W Me—a-0 --  Dioxane, 85 °C 
Scheme 3.4: Solid-bound palladium-catalysed Suzuki reaction 
between 4-tolylboronic acid and phenyl triflate. 
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In most cases, isolated yields reported for each catalyst (heterogeneous or 
homogeneous) indicated enhanced catalytic activity with the solid-supported version 
(88/55 and 90/83, in the two respective reactions of Schemes 3.3 and 3.4), which 
showed no significant decrease upon recycling ten times. 
In 1998, Fenger and Le Drian studied the influence of the Pd source and the Pd/P 
ratio on the activity of the resulting supported palladium catalyst 11, in a standard 
test reaction between phenyl boronic acid and 4-bromopyridine. 138 The results of this 
study are shown in Table 3.2. 
Entry 	Pd source Pd/P ratio Mol % Pd Isolated Yield (%) 
1 Pd(PPh3)4 0.35 3 94 
2 Pd(PPh3)4 0.04 1 94 
3 Pd(PPh3)4 0.04 0.1 90 
4 PdC12 0.09 1 60 
5 Pd(MeCN)2C12 0.12 1.2 73 
6 Pd(dba)2 0.11 1 90 
7 Na2PdCL1 0.13 1 87 
Table 3.2: Comparison of anchored Pd catalysts in cross-coupling 
reaction of phenyl boronic acid with 4-bromopyridine. 
From the results, it appeared that Pd(PPh3)4 was the optimal palladium source to 
obtain efficient Pd catalysts (Table 3.2, entry 1), even with very low levels of metal 
employed (Table 3.2, entries 2 and 3). In all other cases, similar amounts of catalysts 
achieved poorer yields (Table 3.2, entries 4, 5, 6 and 7). As for the Pd/P ratio 
(determined by elemental analysis), no significant effect on the course of the reaction 
was noticed upon its variation, when Pd(PPh3)4 was the palladium source (Table 3.2, 
entries 1 and 2). 
More recently, Miyaura screened a variety of more challenging substrates for Suzuki 
reactions catalysed by PS-supported phosphine Pd complexes 11 (PdC12 as Pd 
source), with chloropyridines, chloroquinoline and activated chloroarenes reacting 
with 4-tolylboronic acid (Scheme 3.5). 139 
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11, aq. K3PO4 
Me—Q---B(OH)2 + Cl—Ar 	 go 
Me—(c—Ar Toluene, 80 °C 
Scheme 3.5: Solid-bound palladium-catalysed Suzuki reactions 
between 4-tolylboronic acid and aryl chlorides. 
Except with electron-rich 3-chioroanisole, yields achieved were generally around 
90%. Catalyst reuse in the Suzuki reaction with 2-chioropyridine resulted in 
consistent yields between 86 and 96% over six cycles. 
In 2002, Colacot developed FibreCatTM  as Pd catalysts,' 4° where Pd was immobilised 
onto phosphine ligands grafted on polyethylene fibres as supports. Fib reCatTM later 
catalysed microwave-assisted Suzuki couplings of various aryl halides (An, ArBr, 
ArC1) in yields ranging from 50 to 98%. 141 
111.1 .b Solid-supported Palladacycles 
Although palladacycles were already known some 40 years ago,' 42 it was only in the 
1980s that they emerged as active catalysts for olefm hydrogenation' 43 and only a 
decade ago that their catalytic properties for cross-couplings started to be thoroughly 
investigated.'' The various sites of flexibility they display, i.e. (1) the size of the 
metallacyclic ring, (2) the nature of the metallated carbon center, (3) the type of 
donor ligand and its substituents and (4) the nature of the coordinated groups, have 
promoted their use as scaffolds for a diverse range of applications such as sensors, 
optical and luminescent devices, liquid crystals or metallodendrimers.'45' 146, 147 
Organometallic compounds belonging to this class fall into two main categories 
(Figure 3.1): 
Y—L 	 Y—L 
(I (I 
C—PdL 	 C — PdL 
Y—L 
15 	 16 
Figure 3.1: Generalised palladacycic structures. 
L = Donor ligand, Y = Linker group. 
- 	42 
In the first, one donor carbon atom and one donor ligand L coordinate the palladium 
center in the palladacycles 15 (L, C chelates) whereas one more donor ligand is 
present in the palladacycles 16 to form a so-called "pincer" palladium complex (L, C, 
L complexes).'48' 149, 150, 151 
Herrmann and Beller triggered intense research in the field of palladacycles with 
their report of phosphine-based 17 as a thermally stable catalyst for Heck and Suzuki 
reactions (Scheme 3.6).'' 152 It efficiently activated bromoarenes and, unusually, 
chloroarenes for the two above-mentioned cross-couplings, achieving an 81% yield 
for the Heck coupling of 4-chlorobenzaldehyde with n-butyl acrylate and an 82% 
yield for the Suzuki coupling of 4-chioroacetophenone with phenyl boronic acid. 
Pd(OAc)2 + P_




1  Solvent 
Ct~pd.- ] 
[N(C4H9)4X] 
1, QDPd:x)P :_III 
L 1 +L 	x-1kfx- 
: 
:t Cz~ < I 
Scheme 3.6: Preparation of palladacycle catalyst 17 (R = o-tolyl). 
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A similar, anchored version of this palladacycle 17 was achieved by Luo and co-
workers via co-polymensation of monomer 18 with styréne (Scheme 3.7). 153  The 
resulting supported Pd catalyst 19 was found to effect the coupling of methyl acrylate 
with a range of aryl bromides in quantitative yields. It was also successfully recycled 
7 times, via precipitation and recovery, in Heck and Suzuki reactions. 




I Styrene, benzene 
70°C,40h 
rçH Pd Pd 
Ph2 
19 
Scheme 3.7: Preparation of immobifised palladacycle 19. 
In 1997, Milstein and co-workers developed pincer-type palladacycles 20 (Figure 
3.2) and demonstrated their good activity in the Heck coupling of aryl iodides and 
non-activated aryl bromides with yields all above 90% (except for 4-
bromobenzaldehyde: 79%). 'i"  Alper and Chanthateyanonth investigated silica-
supported P, C, P-pincer analogues 21 (Figure 3.2) and claimed these systems to be 













Figure 3.2: P, C, P-pincer palladacycle 20 and its sifica-bound version 21. 
Another type of cyclometallated palladium complexe, based on cheap non-toxic N-
heterocyclic carbenes as donor ligands, became popular through the work of 
Herrmann et al. 156 They reported the use of 22 as a thermally, hydrolytically and 
oxidatively stable form of palladium catalyst with quantitative conversions in the 
Heck reactions of 4-chlorobenzaldehyde and 4-chloronitrobenzene with n-butyl 
acrylate at 130 °C, on addition of the salt [N(n-C4H9)4]Br (Scheme 3.8). 
CH 3 I 
2H 
/ N 
3 	 N 	,I 
Pd(OAc)2 	 ( Pd 
-2AcOH 	N—( I 
22 
Scheme 3.8: Preparation of cyclometallated Pd catalyst 22. 
Later, further investigations of the N-heterocyclic carbenes, which bind Pd more 
strongly than most phosphines, led Herrmann and co-workers to tether the Pd 
complexes to a PS support via a Wang linker (Scheme 3.9). 157  With these chelating 
Pd-carbene complexes 25 in hand, a number of activated and non-activated aryl 
bromides could be efficiently coupled to alkenes. 15 Recycles were completed in the 
Heck reaction of 4-bromoacetophenone with styrene. However, no conversion 
occurred with 4-chloroacetophenone. 
2X 
HO(CH2) y - y (CH2)0OH 
	
H 	H 
n = 3, X = Br 
n = 2, X = I 	Pd(OAc)2, DMSO 
50 °C, 4 h 













25b: n = 2, X = I HO(CH 2) 
PS 
DMF, N(i-Pr)2Et 
CsI, 24 h 
Scheme 3.9: Preparation of PS-anchored Pd-carbene complexes 25. 
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III.1.c Polymer-encapsulated Palladium 
Alternative approaches to polymer-supported Pd complexes, which often involve 
immobilisation of expensive ligands and are often associated with leaching problems, 
have been devised. 
Kobayashi et al. thus reported a process termed palladium encapsulation via a 
technique which has evolved over the recent years. In the early stages, they prepared 
microcapsules of polystyrene-encapsulated Pd(Ph3)4, named MC[Pd(PPh3)], formed 
upon coacervation, i.e. phase separation, of a homogeneous solution of the palladium 
catalyst and the polymer, and further cooling to harden the walls.' 58 They were 
successfully used in tandem with an external PPh3 ligand for the allylic substitution 
reaction between allyl methyl carbonate and dimethyl phenylmalonate, and 





00O2Me + Ph—( 	 c4CO2Me 
CO2Me MeCN, rt, 12 h 	 CO2Me 
Scheme 3.10: MCIPd(PPh3)J-catalysed allylic substitution reaction. 
In addition, Suzuki-Miyaura cross-couplings of aryl bromides were performed in 
good yields with P(o-Tol)3 as an external ligand. However, problems of recovery and 
leaching observed after using this type of catalyst led Kobayashi and co-corkers to 
improve their procedure.' 59 In the latest version, they introduced an epoxide 
functionality in the polymer employed for the process, e.g. polymer 26. After 
coacervation of the homogeneous palladium catalyst and polymer solution (Scheme 
3.11, step 3), the epoxide allowed an additional step with the thermal cross-linking of 
polymer chains (Scheme 3.11, step 8), thereby giving extra rigidity to the 
structure. 160 
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4. rt, 12 h 	 8. 120°C, 24 h 
THE, rt 	5. Filtration 9. Filtration
30 	 P1-Pd 27 
Pd(PPh3 )4 6. Hexane washings 10. THE washings 
	
24 h 	7. Drying, ii, 24 h 	11. Drying, ii, 24 h 
Hexane, 0°C 
Scheme 3.11: Preparation of polymer-incarcerated palladium 27. 
Thus this "polymer incarceration" method gave more resistant cross-linked 
microcapsules (P1-Pd 27) which displayed a great catalytic activity in hydrogenation, 
allylation and Suzuki-Miyaura reactions without any leaching of palladium.160' 161, 162 
Ley and co-workers adopted a different approach for entrapping homogeneous 
catalysts within a polymeric coating. They developed a method based on an 
interfacial polymerisation technique, which involved dispersion of an organic phase, 
i.e. an aromatic isocyanate PMPPI (polymethylene polyphenylene isocyanate) and 
palladium acetate, into water (Scheme 3.12). 0 
1. Stirring with 	 2. Stirring 
water, stabilisers ii, 16 h 
[PMPPI + Pd(OAc) 2] 800 rpm, 2 min oil-in-water 3. Filtration 
solution in DCE 	 emulsion 	 Pd(ll) EnCatTm  
Washing 
Drying 
Scheme 3.12: Pd(II) EnCatTM synthesis via interfacial polymerisation. 
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After formation of suitably-sized oil droplets, stirring the aqueous mixture effected 
hydrolysis of some of the isocyanate into amino groups, which in turn reacted with 
remaining isocyanate groups to start the polymerisation process and give the 
polyurea matrix (Scheme 3.13). 
- 	H 
oil)11NCO H20 	 -CO 
' 	
2 	-NH2  
drople CO2H 	 ). >=O 
NCO 	, NCO , NCO 	, N 
H 
Scheme 3.13: Process resulting in polyurea matrix formation. 
This procedure resulted in hardened, porous and spherical microcapsules (Pd(ll) 
EnCatTM), entrapping the palladium catalyst within. These robust microcapsules were 
washed with aqueous and organic solvents to remove any unbound material and 
proved insoluble in both. Their catalytic activity was first evaluated in the Suzuki-
Miyaura cross-couplings of arylboronic acids with aryl bromides (Scheme 3.14). 




Toluene/H 20/EtOH 4/2/1 
B(OH)2 	Br 	6-12 h, 80 °C 
Scheme 3.14: Pd(ll) EnCatTM-catalysed Suzuki-Miyaura reactions. 
The substrates were smoothly coupled at 80 °C to afford the corresponding biaryl 
products in isolated yields ranging from 71 to 97%. After successful recovery and 
recycling of the Pd-containing microcapsules (four times) without significant loss in 
activity, ICP analysis of the crude product indicated a very low level of Pd leaching 
(13 ppm, 0.2% of original Pd content). The utility of Pd(II) EnCatTM  was further 
demonstrated in series of Heck-Mizoroki, Stille and carbonylation reactions in 
conventional organic solvents and in supercritical carbon dioxide.' 63 
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111.2 Results and Discussion 
1I1.2.a Preparation of Phosphinated Plug-bound Pd Catalysts 
Based on the previous reports mentioned in the introduction of chapter III, work in 
our group has led to the development of a PS resin plug-supported version of catalyst 
11, using Pd(PPh3)4 as the palladium source.IM  This was used as a catalyst in Suzuki-
Miyaura coupling reactions of aryl iodides with boronic acids and provided the 
expected biphenyls in yields ranging from 71 to 92% (Table 3.3). The use of soluble 
Pd(PPh3)4 under the same reaction conditions showed comparable catalytic activity 
(yields associated are in brackets in Table 3.3). 
Entry ArB(OH)2 Ar'! Isolated Yield (%) 
1 C61­15 C61­15 84(91) 
2 C1­15 p-Me C61­15 82 (83) 
3 C61­15 p-NHAc C61­15 78 (81) 
4 C61­1 p-OH C61­15 83 (90) 
5 C6H5 p-OMe C61­15 80 (86) 
6 C61­15 0-NH2 C6H5 82 (87) 
7 C61­15 o-Me C61­15 77 (84) 
8 p-Me C61­15 C61­15 86 (86) 
9 p-Me C61­15 p-Me C61­15 82 (83) 
10 p-Me C61­15 p-NHAc C61­15 71(78) 
11 C41­13S C61­15 78(78) 
12 C41­13S p-Me C6H5 75 (69) 
13 C41­13S p-NHAc C61­15 74 (80) 
14 p-OMe C61­15 p-Me C61­15 86 (85) 
15 p-OMe C6H5 p-NHAc C61­15 87 (87) 
16 p-Ac C61­15 C61­15 92 (95) 
17 rn-Ac C61­15 p-NHAc C61­15 88 (91) 
° Reactionconditions: ArB(OH) 2, Ar'!, Na2CO3, Pd catalyst (5 mol %), DMF, air, 80 °C, 24 h. 
Table 3.3: Suzuki-Miyaura reactions with plug-bound palladium(0) catalysts 
and soluble Pd(PPh3)4 under the same conditions. 
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New batches of plug-supported Pd(0) catalysts were prepared to further assess their 
activity in Suzuki reactions. The preparation of these resin plug-bound Pd(0) 
catalysts was based on the immobilisation of a simple phosphine figand. The 
Memfield resin plugs were first substituted with Ph 2 PLi, followed by an exchange 
reaction with Pd(PPh 3)4 to provide the resin-supported palladium s-plugs 29 




Pd(PPh 3 )4 , benzene Ph
2P '  plug 
THF, 24 h 	 reflux, 24 h 	PdL" 
Memfield 
resin plug 	 28 	 29 
Scheme 3.15: Synthesis of phosphinated plug-bound Pd catalysts 29. 
Figure 3.3: A phosphinated Pd s-plug 29. 
In order to check if the Pd loading step was complete, 31 1? NMR was used since this 
technique has already been proven useful in similar cases, allowing monitoring of the 
coordination of the phosphino group to palladium.' 49 Thus, 31 P NMR analysis of 
supports 28 and 29 gave the following spectra (Figure 3.4): 
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EP PPh 2 
-9.9 ppm 	I 
(E~~Z L. 
+ 29.7 ppm 
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)
510152025 
Figure 3.4: 31 P NMR analysis of plugs 28 and 29. 
A singlet at - 9.9 ppm was observed for phosphinated plug 28 which disappeared and 
was replaced by a new one at + 29.7 ppm after Pd loading. This low field shift 
demonstrated complete coordination of the phosphino sites to Pd. Elemental analysis 
by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was also 
performed and gave the following results (Table 3.4): 
Entry 	Sample 	Element 	
Analysis 	Loading 
 results (%) (pmoL'plug) 
Phosphinated 	P 	1.40 	 98 
plugs 28 
2 	Pd plugs 29 	P 	2.02 	 160 
3 	Pd plugs 29 Pd 4.64 107 
Table 3.4: Elemental analysis results for plugs 28 and 29. 
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Since a loading of 98 pmol of P/plug was obtained for plug 28 and the starting 
loading was 150 1umol (Cl/plug), the substitution reaction with Ph2PLi was not 
complete. According to the loading,results calculated (Table 3.4, entries 2 and 3), a 
ratio of two P atoms for one Pd atom was obtained for each Pd plug 29. Moreover, 
taking into account the P loading per phosphinated plug 28 (Table 3.4, entry 1), the 
Pd loading reaction was complete. It can therefore be assumed that one phosphorus 
atom came from the functionalised plug itself and that another phosphorus ligand 





Figure 3.5: Postulated structure for phosphinated Pd s-plugs 29. 
Knowing this loading result, the use of phosphinated palladium s-plugs 29 was 
assessed in Suzuki-Miyaura cross-couplings and results will be reported in chapter 
IV, compared with those obtained with another type of palladium catalysts. 
III.2.b Preparation of Plug-bound Tridentate Pd Catalysts 
Spurred by reports on pincer palladacycles and inspired by the scaffolds described by 
Shaw' 65 and Reinhoudt' 66, Bergbreiter et al. developed the similar SCS-type ligand 
system 30, attached to a PEG support, starting from commercially available 5-
aminoisophthalic acid (Scheme 3.16). 167  Palladacycle 30 displayed good activity in 
the Heck cross-coupling between iodobenzene and 2 alkene substrates and was also 
recyclable after recovery by ether precipitation (Scheme 3.17). 
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0 	 OMe 
115 °C, 2.5 h 
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Scheme 3.17: Heck-Mizoroki reactions catalysed by palladacycle 30. 
Following the work of Bergbreiter et al., investigations in our group led to the 
preparation of similar tridentate SCS palladacycles, bound to PS resin beads.' 68 
Parallel to this, the plug-supported Pd catalysts 40 were synthesised in nine steps 
from the readily available 5-hydroxyisophthalic acid 31 (Scheme 3.18). The two 
sulfur-containing pincer chains of 40 were introduced in a standard manner based on 
van Veggel's strategy.' 69 
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Scheme 3.18: Synthesis of plug-bound tridentate SCS palladacycle 40. 
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Diacid 31 was converted into diester 32 using thionyl chloride in methanol with 
subsequent TBDMS protection of the free hydroxy group, both in excellent yields 
(Scheme 3.18). Diester reduction with lithium aluminum hydride afforded 34• 168 
Conversion of the two free hydroxy groups of 34 into bromides was followed by 
displacement of the two resulting bromo groups of 35 with thiophenol and 
subsequent silyl ether deprotection to give thioether 36. Phenol alkylation with ethyl 
bromoacetate followed by hydrolysis provided the resulting compound 38. It was 
conveniently attached onto aminomethyl resin plugs under standard coupling 
conditions to afford plug-bound thioether ligand 39. This ligand was converted into 
the polymer-supported Pd complex 40 by treatment with Pd(MeCN)2(BF4)2, prepared 
in situ from palladium chloride and silver tetrafluoroborate in refluxing acetonitrile, 
followed by brinefMeCNfDCM. 
Another tridentate SCS palladacycle 42 was also prepared in a similar fashion from 
the intermediate 36 previously synthesised but directly attached onto a Merrifield 

















Scheme 3.19: Synthesis of plug-bound tridentate SCS palladacycle 42. 
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The Pd contents of the plugs were determined by ICP-AES for palladium plugs 
catalysts 40 and 42 (Table 3.5): 
Entry 	Sample 	
Pd analysis results 	Loading 
(%) 	(umol/plug) 
1 	Pdplugs40 	0.25 5.2 
2 	Pdplugs42 0.17 	 3.5 
Table 3.5: Elemental analysis results for plugs 40 and 42. 
A low loading was thus achieved for the two plug-supported tridentate SCS 
palladacycles 40 and 42. Knowing this loading result, the use of these Pd plugs was 
investigated in a Heck-Mizoroki reaction and results Will be reported in chapter IV. 
They will be compared with those obtained with other types of Pd catalysts. 
III.2.c Preparation of Cross-linked Resin Plug-captured Pd 
Research in our group led to the development of a simple alternative means for 
palladium encapsulation.' 7° PS-PEG resin was identified as a convenient commercial 
support for preliminary investigations due to its excellent mechanical properties and 
its broad solvent compatibility. The procedure was based on three ideas: the ability 
of soluble palladium acetate to enter the swollen polymer matrix and be retained,' 7t 
its subsequent reduction and therefore dispersion in nanoparticle form (idea inspired 
by the reports of Uozumi' 72 and Choudary67) and fmally its immobilisation by resin 
cross-linking. The resulting PEG-supported catalyst was successfully used in 
aqueous Suzuki-Miyaura cross-couplings of aryl bromides, with good yields, 
minimum bleaching and limited loss of activity when recycled six times. The method 
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Scheme 3.20: Synthesis of XL-Pd resin plugs 46. 
Aminomethyl PS resin plugs 43 were loaded with Pd using palladium acetate in 1,4-
dioxane to yield brownish PS resin plugs with "captured Pd 2 " 44, which were 
subsequently reduced with hydrazine hydrate to give black PS resin plugs with 
"captured Pd°" 45 (Scheme 3.20). Finally, aminomethyl resin within the plug was 
cross-linked with succinyl chloride to immobilise the trapped palladium, hence 
affording cross-linked PS resin plugs with "captured Pd" 46 (XL-Pd plugs). Cross-
linked Pd s-plugs with various metal loadings (batches 1 to 5 in Table 3.6, entries 1 
to 5) were prepared for subsequent tests in different Pd-catalysed reactions while the 
corresponding rn-plugs were synthesised with one given Pd loading (Figure 3.6). 
The loading level of the palladium in these plugs was determined by ICP-AES and 
the following results were obtained (Table 3.6): 
57 
Entry 	Sample 	
Pd analysis 	Loading 
results (%) (umollplug) 
I 	XL-Pd s-plugs (batch 1) 	0.04 	 0.8 
2 	XL-Pd s-plugs (batch 2) 	0.28 	 6 
3 	XL-Pd s-plugs (batch 3) 	1.33 28 
4 XL-Pd s-plugs (batch 4) 3.27 	 68 
5 XL-Pd s-plugs (batch 5) 4.72 98 
6 XL-Pd rn-plugs 0.063 0.5 
Table 3.6: Elemental analysis results for XL-Pd resin plugs 46. 
ti 
Figure 3.6: XL-Pd s- (left) and rn-resin plugs (right). 
With these XL-Pd plugs in hand, their activity was evaluated and compared in a 
range of cross-coupling reactions and these results will be reported in chapter IV. 
Slicing of the XL-Pd s-plug (Figure 3.7(a)) revealed a core-shell structure, with 
black resin beads loaded with palladium being located predominantly close to the 
edges of the plug (Figure 3.7(b)). Within the beads themselves (Figures 3.7(c) and 
3.7(d)), microscopic analysis showed palladium nanoparticles to form a "Pd" 
gradient, with small nanoparticles observed at the edge of the beads (Figures 3.7(e) 
and 3.7(1), Transmission Electron Microscopy (TEM) gave an average size of 7 nm) 
moving to progressively larger nanoparticles towards the middle of the bead itself, 
where various unusual "shapes" (e.g. triangle, square, rectangle, diamond, trapezium, 
pentagon) were observed for the palladium particles (Figure 3.7(g)). 
As for XL-Pd rn-plugs, TEM analysis showed a similar pattern and distribution of Pd 
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Figure 3.7: (a) XL-Pd resin s-plug; (b) interior of the XL-Pd resin s-plug cross-
section; (c) light microscope image of a sliced bead, from the outer edge of the 
XL-Pd resin s-plug cross-section (x 40 magnification); 
(d)-(g) TEM images focusing on the palladium particles layer of the sliced bead: 
(d) overview (x 4000 magnification); (e) and (I) outer area of the Pd particles 
layer (x 200 000 and x 2 000 000 magnification, respectively); (g) inner area of the 
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Figure 3.8: (a) and (b) TEM images focusing on the outer area of the palladium 
layer of a sliced bead, located on the edge of a XL-Pd resin rn-plug cross-section 
(x 40 000 and x 200 000 magnification, respectively). 
SEM and SEM-EDX analyses of the two kinds of plugs confirmed the presence of 





Figure 3.9: (a)-(b) SEM images and (c) SEM-EDX analysis of a bead located on 
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Figure 3.10: (a)-(b) SEM images and (c) SEM-EDX analysis of a bead located on 
the inner edge (a) of a XL-Pd rn-plug sliced along its length. 
The energy X-ray (EDX) pattern from SEM analysis of XL-Pd rn-and s-plugs 
showed evidence for Pd in a similar concentration in both beads. 
111.3 Conclusion 
In conclusion, phosphinated plug-bound Pd catalysts 29 were readily synthesised in 
two steps and 31 P NMR proved useful to monitor completion of the Pd coordination 
reaction. Plug-bound tridentate SCS Pd complexes 40 and 42 were synthesised from 
a cheap precursor in nine and seven steps, respectively, while cross-linked PS resin 
plugs with "captured Pd" 46 were prepared in an efficient manner. 
The Pd loading of the plug-supported Pd catalysts 29, 40, 42 and 46 was evaluated, 
paving the way for assessment of their use in different Pd-catalysed reactions. 
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IV USE OF PLUG-SUPPORTED Pd CATALYSTS IN 
CONVENTIONALLY hEATED AND MICROWAVE-ASSISTED 
Pd-CATALYSED REACTIONS 
IV.! Introduction 
There has been growing interest over the past years in palladium-catalysed cross-
coupling reactions. They represent versatile and powerful tools for synthesising 
complex natural products and biologically relevant molecules' 73 since they allow the 
formation of crucial C-C bonds under relatively mild conditions and with a broad 
range of substrates. Among this class of reactions, the most popular are the reactions 
between halides and organoboron, alkyne or alkene partners, i.e. the Suzuki-
Miyaura,'74' 175, 176, 177, 178, 179 the Sonogashira-Hagihara99' 180, 181 and the Heck-
Mizoroki'82' 183, .184, 185 cross-coupling reactions respectively. 
IV.1.a Suzuki-Miyaura Cross-coupling Reaction 
The Suzuki-Miyaura cross-coupling represents an extremely useful reaction to form 
the biaryl motif, an important pharmacophore for many biologically active 
compounds'86' 187  and key to the properties of many liquid crystalline materials.' 88 ' 
189, 190 In addition, mild reaction conditions allow great compatibility with a broad 
range of functional groups. Its popularity is therefore very high among medicinal 
chemists involved at different stages of the drug discovery process. 
In this C-C bond forming reaction, an organoboron compound, generally an aryl 
boronic acid, is reacted with an aryl halide in the presence of a palladium catalyst 
and a base to generate a biaryl (Scheme 4.1). 
Ar-X + Ar 	
Pd(0)
'-B(OH)2 	 Ar-Ar 	+ [Base-B(0H)2X] 
Base 
Scheme 4.1: Suzuki-Miyaura cross-coupling reaction. 
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Boronic acids have the extra advantage of being largely commercially available, 
stable to air and humidity and of having low toxicity when compared to other 
organometallic reagents. 5 Among homogeneous soluble Pd(0) and Pd(II) catalysts 
commonly employed, Pd(PPh3)4 stands out as the catalyst of choice, although certain 
substrates require more specific systems. In spite of their partial solubility in DMF, 
one of the most popular organic solvents utilised in the Suzuki coupling, the two 
bases usually used to achieve completion of the reaction are potassium and sodium 
carbonate although stronger bases are often needed for deactivated substrates. In 
addition to N,N-dimethylformamide, the Suzuki reaction is often performed in 
solvents such as toluene, tetrahydrofliran or diethyl ether. Over the past ten years, 
water has been increasingly favoured as a reaction medium in metal-catalysed 
reactions, especially in the Suzuki-Miyaura cross-couplings, thanks to its 
innocuousness.191' 192, 170 
The mechanism corresponding to the Suzuki-Miyaura cross-coupling is best 
represented by a catalytic cycle with three steps (Figure 4.1).' 77,193 
Pd(ll) 





Ar-Pd(II)-Ar' 49 	 1 
Ar'-B(OH)2 





Figure 4.1: Postulated mechanism for the Suzuki-Miyáura reaction. 
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It first involves the oxidative addition of aryl halide Ar-X to a palladium(0) complex 
47 to give the corresponding organopalladium halide intermediate Ar-Pd(H)-X 48, in 
what turns out to be the rate-limiting step in most cases (Figure 4.1, step [a]). The 
boronic acid is then thought to react with a base to provide an activated tetravalent 
boron species, ready to transfer the substituent Ar' to Ar-Pd(ll)-X 48 in the 
transmetallation step to form the diorganopalladium complex Ar-Pd(II)-Ar' 49 
(Figure 4.1, step fbi). The latter species 49 can then undergo a reductive elimination 
to afford the coupled product Ar-Ar' after C-C bond formation, with concomitant 
regeneration of the palladium(0) complex 47 as the active catalyst (Figure 4.1, step 
[c]). 
IV.1.b Sonogashira-Hagihara Cross-coupling Reaction 
The Sonogashira-Hagihara cross-coupling reaction has been developed as an 
alternative to the alkyne version of the Heck reaction to prepare aryl alkynes or 
enynes efficiently.' 94  This methodology has proved very useful to synthesise 
valuable intermediates for a range of applications: from natural products which show 
remarkable biological activity, e.g. enediynes such as Calicheamicin A1 50 and 
Esperamicinyi' 51 (Figure 4.2),195  to novel molecular organic materials such as light 
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Figure 4.2: Calicheamicin A 1 50 and Esperamicin y"  51. 
Typically, the terminal acetylene is reacted with an aryl (or vinyl) halide, the same 
partner as in the Suzuki cross-coupling, in the presence of a palladium catalyst, a 
copper salt, generally Cul, as a co-catalyst and a secondary or tertiary amine as a 
base to yield an aryl alkyne (Scheme 4.2). 
Pd(0) 
_____ 	Cu(I) 	_____ 
Ar-X + H_= R Ar 	R + Base. HX 
Base 
Scheme 4.2: Sonogashira-Hagihara cross-coupling reaction. 
Despite its utility, since being discovered in 1975, the protocol features a frequent 
drawback with the need for large amounts of catalysts (3-5 mol% Pd and 3-10 mol% 
Cul). This led researchers to develop improved methods through the design of more 
active palladium catalysts, which removed the need for a copper co-catalyst,' 98 
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Ar-X 
thereby reducing toxicity, cost and quantity of by-products resulting from Glaser-
type homocouplmg of the alkyne.199' 200  The most common catalysts used are 
Pd(PPh3)4 or PdC12(PPh3)2, which is rapidly reduced to Pd(0) by either the solvent, 
the base or an added stabilising ligand, often phosphine-based, to generate the active 
catalyst in situ. An amine base is frequently used neat as solvent. 
The copper-catalysed Sonogashira reaction mechanism has been described in several 
reports 20 ' and is thought to involve an alkynyl copper intermediate (generated in situ 
from the terminal acetylene, the copper salt and the base) which transmetallates to 
the Ar-Pd(ll)-X resulting from oxidative addition of Pd(0) to ArX. By contrast, the 
mechanism associated with the copper-free protocol has not been so much 












Figure 4.3: Postulated mechanism for the Sonogashira reaction. 
As in the Suzuki-Miyaura cross-coupling reaction, the process starts with the 
oxidative addition of the aryl halide Ar-X to a palladium(0) complex 47 to generate 
Ar-Pd(ll)-X 48 (Figure 4.3, step [a]). This species undergoes complexation with 
acetylene followed by base-assisted removal of the acidic proton of the terminal 
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alkyne to afford the diorganopalladium complex 53 (Figure 4.3, steps fbi and [c]). 
The reaction-terminating step, a reductive elimination, leads to the cross-coupled 
product and allows the regeneration of Pd(0) complex 47, which re-enters the 
catalytic cycle (Figure 4.3, step [d]). 
IV.1.c Heck-Mizoroki Cross-coupling Reaction 
This palladium-catalysed cross-coupling was independently reported in the early 
1970's by Heck' 83 and Mizoroki.' 82 The method proved to be popular due to its mild 
reaction conditions and its functional group tolerance which allow its use to construct 
new carbon-carbon bonds, even in veiy sensitive environments. Because of its 
versatility, the Heck-Mizoroki reaction is ideally suited for late stage couplings in 
synthetic routes. Its intramolecular version constitutes a key step in generating the 
functionalised ring system of taxol 54 (Scheme 4.3). 202  Additionally, substituted 
alkenes such as cinnamic esters, derived from aryl halides and alkyl acrylates, prove 
useful as antioxidants,203' 204  while conjugated olefins also display interesting 
opticallphotophysical properties, e.g. in dendrimers or linear polymers, giving access 










OH 	HO ÔBz OAc 
Taxol 54 
OBn 
Scheme 4.3: Heck-Mizoroki reaction as key step in the preparation of taxol 54. 
67 
The Heck-Mizoroki reaction involves the coupling of an olefin to an organic halide 
or triflate in the presence of a catalytic amount of palladium and a base to form a new 
alkene. (Scheme 4.4). 
Pd(0) 
Ar-X + 	 + Base.HX Base 
Scheme 4.4: Heck-Mizoroki cross-coupling reaction. 
One restriction of the reaction concerns the halide substrate which must not bear any 
available sp3 hydrogen atoms 8- to the halogen atom to avoid the fl-hydride 
elimination side-reaction. As for the alkene, the substrate used is usually mono- or 
di-substituted and can be electron poor or rich, or electronically neutral. Usual 
palladium catalysts are Pd(OAc)2, Pd(PPh3)4 or PdC12. Polar solvents such as 
methanol, acetonitrile, N,N-dimethylformamide or N-methylpyrrolidinone are very 
common in the Heck reaction. 
The reaction mechanism is usually described in reports by -the following catalytic 
cycle with four main steps (Figure 4.4) 184,185 
Pd(II) 
Base.HX Ar-X 




ArR  [b] 
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Figure 4.4: Postulated mechanism for the Heck-Mizoroki reaction. 
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Initially, the activated palladium(0) species 47 .undergoes an oxidative addition with 
the halide substrate to give palladium complex Ar-Pd(II)-X 48 (Figure 4.4, step [a]). 
Next, the carbopalladation step involves coordination of the olefin component with 
organopalladium 48 and its subsequent insertion into the C-Pd bond, in a syn fashion, 
to generate intermediate 55 (Figure 4.4, step [b]). A C-C bond rotation is then 
necessary to provide the syn relationship between palladium and a fl-hydrogen in 56 
• which is needed in the next step for a fl-hydride elimination to take place and release 
the substituted alkene product and the palladium complex 57 (Figure 4.4, steps [c] 
and [d]). The initial Pd(0) catalyst 47 can finally be regenerated for the next cycle by 
base-assisted reductive elimination of HX from 57 (Figure 4.4, step [e]). 
IV.2 Results and Discussion 
IV.2.a Use of Pd Plugs in Conventionally Heated Coupling Reactions 
With the set of palladium-loaded plugs 29, 40, 42 and 46 in hand, their ability to 
catalyse conventionally heated C-C bond forming reactions was investigated. Their 
catalytic activities and recyclability were assessed in three major classes of 
couplings, i.e. the Suzuki-Miyaura, Sonogashira-Hagihara and Heck-Mizoroki 
reactions, while also evaluating reaction kinetics. 
• Recyclability 
The plug-supported Pd catalysts 29 and 46 were used in the Suzuki cross-coupling 
reactions between phenyl boronic acid and 4-nitrobromobenzene to investigate their 
recyclability (Scheme 4.5, Table 4.1). These were conducted in air without solvent 
purification or precautions to avoid oxygen exposure, making the strategy very 
attractive from a practical point of view. 
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Rd Pd plug catalyst K2CO3, DMF 
Suzuki 













Scheme 4.5: Pd plug-catalysed Suzuki, Sonogashira and Heck 
cross-coupling reactions. 
Cycle 1 2 3 4 
Isolated 	Suzuki' 
Pd s-plug 29 95 96 81 97 
Sukr Pd s-plug 46 92 96 87 92 
yield 
Sonogashiraa Pd s-plug 46 73 74 73 72 
(/o) 	Heckb Pd s-plug 46 92 83 81 79C 
a  Reaction conditions: Substrate (X = Br, R = NO 2), phenyl boronic acid / phenyl acetylene, 
Pd plug 29/46 (9.8 mol %), air, 80 °C, 48 h. "Reaction conditions: Substrate (X = I, R = H), 
styrene, Pd plug 46 (0.08 mol %), air, 115 °C, 48 h. C  The amountof Pd in solution at the 51h 
run was checked by ICP - AES and showed little metal leaching (0.37 ppm, 2.1% of the 
original Pd content.) 
Table 4.1: Pd plug recyclabiity in three cross-coupling reactions. 
The results showed that both Pd s-plug catalysts 29 and 46 could be reused up to four 
times without major loss of activity after recovery by simple filtration and solvent 
washing. However, one difference lay in the visual Pd leaching which was observed 
to be less important when using cross-linked PS resin plugs-captured Pd 46. It was 
therefore decided to favour the latter over the phosphinated plug-bound palladium 
catalysts 29 in subsequent investigations. The activity of s-XL-Pd plugs 46 was 
evaluated in consecutive, catalytic runs of Sonogashira and Heck reactions on a 1 
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mmol scale under analogous conditions without an inert atmosphere and they 
underwent at least 4 cycles with good reproducibility (Scheme 4.5, Table 4.1). 
Moreover, Pd black leaching with the low loading Pd catalysts 46 used in the Heck 
reaction was visually non-existent compared to the high loading ones used in the 
Suzuki and Sonogashira reactions. Results of Pd analysis of the crude confirmed this 
observation (Table 4.1). This Heck reaction was also performed under the same 
conditions with low loading tridentate Pd s-plugs 40 and 42 on 7 and 5 mmol scale 
respectively and led to isolated yields of 64% and 47% respectively. Yields were 
therefore more modest than with s-XL-Pd plugs 46 while palladium leaching was 
visually more extensive, with the observation of a reddish-orange tint characteristic 
of soluble palladium nanoparticles. 207 Additionally, several studies concluded solid-
supported SCS-pincer-type palladium complexes like 40 and 42 to act merely as Pd 
catalyst precursors.208' 209, 210 Thus, the results gathered by Jones' and Bergbreiter's 
teams gave substantial evidence for a degradation of the palladium complexes, 
probably via breakdown of the palladium-ligand bonds to release homogeneous Pd 
species. Consequently, XL-Pd plugs 46 were chosen over palladium plug catalysts 40 
and 42 to undergo further investigations. 
Scope 
Their efficiency in cross-couplings was investigated with a broader range of halide 
substrates of varying electron density (Tables 4.2 and 4.3), in parallel, using a 12-
tube Radleys Carousel unit. "Ligand-free" conditions were favoured to avoid side 
reactions often associated with the use of easily oxidisable phosphine ligands, such 
as phosphonium salt formation and aryl-aryl exchange between substrate and 
phosphine,2' 212, 213, 214 and to promote environmentally friendly protocols. 
Likewise, copper-free Sonogashira reaction conditions were chosen since these 
disfavour the side reaction concomitant to the Sonogashira pathway, i.e. the 




R °' ' Suzuki" 
Isolated yield (%) 
Sonogashira" Heck" 
1 OMe 91 77 91 
2 CF3 81 87 95 
3 NO2 99 92 97 
4 Me 91 88 97 
5 H 86 85 95 
' Reactionconditions: phenyl boronic acid / phenyl acetylene, Pd plug 46 (2.8 mol %), 80 °C, 
1-16 d. b Reaction conditions: styrene, Pd plug 46 (0.08 mol %), 115 °C, 1-3 d. 
Table 4.2: s-XL-Pd plug catalytic activity in Suzuki, Sonogashira 
and Heck cross-coupling reactions of aryl iodides. 
Good to excellent yields were obtained with all aryl iodides, in every C-C bond 
forming reaction, although the reaction times were long. The catalytic activity of 
resin s-plug-entrapped Pd 46 was highest -in the Heck-Mizoroki coupling. As 
expected, the presence of an electron-withdrawing para substituent (Table 4.2, 
entries 2 and 3) activates the aryl halide towards Pd insertion into the C-X bond in 
the oxidative addition step and helps to promote coupling with the reaction partner. 
However, the catalyst system was less effective with the corresponding, less reactive 
aryl bromides which required somewhat higher catalyst loadings (Ca 7 mol %) to 
attain minimum conversions (Table 43). 
Substrate 	. Conversion by GC analysis (%, after x days) 
Entry R (XBr) 	 Suzuki" 	Sonogashira" 	Hecka 
1 	OMe 	(1,6) (4, 6); (13, 8); (45, 10) 
	
(0,4) 
2 CF3 (7, 6); (97, 8) 
	
(24, 6); (100, 10) 
	
(8, 1); (14, 2); (26,4) 
3 	NO2 	(23, 2); (84, 6); (95, 8) 
	
(85, 2); (100, 7) (91, 1); (100, 2) 
4 Me (1,6) 
	
(7, 6),(42, 8),(63,10) 
	
(0,4) 
5 	H 	(1,6) (2, 6); (40, 8); (76, 10) (0,4) 
a  Reaction conditions: phenyl boronic acid / phenyl acetylene / styrene, Pd plug 46 (6.8 mol %), 80 °C. 
Table 4.3: s-XL-Pd plug catalytic activity in Suzuki, Sonogashira 
and Heck cross-coupling reactions of aryl bromides. 
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Amongst the three cross-coupling reactions, aryl bromides converted most easily in 
Sonogashira-Hagihara reactions (Table 4.3). The most electron-poor aryl bromides 
displayed highest reactivity in every palladium catalysed reaction (Table 4.3, entries 
2 and 3). 
Using low loading s-XL-Pd resin plugs 46, various substituted alkenes and 
haloarenes were tested as substrates for Heck-Mizoroki reactions on a 1 mmol scale, 
as shown in Scheme 4.6 and Table 4.4. 




Scheme 4.6: Various Heck reactions with s-XL-Pd plugs 46. 
Entry 	X 	R 	R' 	Isolated Yield (%) 
1 I H Ph 92 
2 I H C5H4N 97 
3 I OMe CO2Me 93 
4 I OMe CO2 Bu 79 
5 I OMe C51­14N 97 
6 I OMe Ph 91 
7 Br OMe Ph 4 
a  Reaction conditions: Pd plug 46 (0.08 mol %), air, 115 °C, 48 h. 
Table 4.4: Catalytic activity of low-loading XL-Pd plugs 46 
in Heck-Mizoroki cross-coupling reactions. 
A small excess of olefin (1.5 equiv.) over aryl halide was applied due to possible side 
reactions of the olefin such as dimerisation or polymensation. Deactivated substrates 
such as 4-iodoanisole underwent coupling reactions with acrylic esters (Table 4.4, 
entries 3 and 4) and aryl alkenes (Table 4.4, entries 5 and 6) in excellent yields. The 




To evaluate further the catalytic behaviour of XL-Pd plugs 46 in the palladium-
catalysed cross-couplings, kinetic studies were undertaken with iodobenzene as the 
coupling partner. The course of each reaction was monitored by GC analysis of 
samples taken periodically from the crude reaction mixture (Figures 4.5, 4.6 and 
4.7). 
The reactions of iodobenzene with phenyl boronic acid, phenyl acetylene and styrene 
proceeded slowly but quantitatively with s-XL-Pd plug 46. Figures 4.5, 4.6 and 4.7 
show very similar profiles for all reactions with sigmoidal-shaped kinetic curves and 
induction periods between 15 and 180 mm. 
-••-- cdc':'ner 
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Figure 4.5: Suzuki conversion vs. time kinetic curve - iodobenzene, phenyl 
boronic acid, K2CO3, 1 s-XL-Pd plug 46 (2.8 mol %), DMF, air, 80 °C. 
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Figure 4.6: Sonogashira conversion vs. time kinetic curve - iodobenzene, 
phenyl acetylene, K2CO3,  1 s-XL-Pd plug 46 (2.8 mol %), DMF, air, 80 °C. 
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Figure 4.7: Heck conversion vs. time kinetic curve - iodobenzene, 
styrene, tnethylamine, 1 s-XL-Pd plug 46 (0.08 mol %), DMF, air, 115 °C. 
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IV.2.b Use of Pd Plugs in Microwave-assisted Coupling Reactions 
Over the past few years, a sharply growing number of publications have reported the 
use of microwave irradiation and the consequent acceleration of rate for a wide range 
of organic reactions.215' 216  Therefore, with the promising results obtained with cross-
linked palladium plugs 46 in mind, it was deemed interesting to see if this technology 
could reduce reaction times and enhance conversions in the palladium-catalysed C-C 
bond' forming reactions previously investigated. 
. Optimisation of the conditions 
Preliminary experiments were conducted as previously in Section IV.2.a but with 
triethylamine as a soluble base and a microwave temperature constantly maintained 
at 100 °C. Complete HPLC conversions were achieved in the Sonogashira-Hagihara 
reaction of phenyl acetylene with aryl iodides bearing an electron-withdrawing 
substituent (nitro or trifluoro group in the para position), with reaction times ranging 
between 1 and 12 h. However, plug swelling in DMF, leading to distortion at higher 
temperatures, limited the scope of improvement, requiring different conditions, and 
in particular a different solvent, to be investigated. 
It has been previously described in Chapter II that water as a co-solvent has a 
stabilising effect on resin plugs used under microwave irradiation, allowing the 
utilisation of higher temperatures. Moreover, it has been reported that the rate of 
"ligand-free" Pd-catalysed reactions, such as the Heck217' 218  or Suzuki 219 reactions, 
can be greatly enhanced by using tetraalkylammonium salts as phase transfer agents, 
under so-called Jeffery conditions.220' 221, 222 The role of the salt additive is not 
exactly clear but it is thought to influence the reaction rate by three meatis: firstly, 
solubility increase of the solid base (e.g. potassium or sodium carbonates) in the 
solvent medium via phase-transfer, secondly, ion exchange of iodide (from the aryl 
iodide) for bromide or chloride (from the ammonium salt) in the arylpalladium halide 
intermediate and, thirdly, activation and stabilisation of palladium intermediate 
species through coordination by halide ions. 223 Its use in water was thus expected to 
improve conversiotis in our study in the same way it has been reported by the groups 
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of Badone, Najera and Leadbeater.224' 225, 191 Following the conclusions from their 
work, tetrabutylammonium bromide (TBAB) was chosen as the quaternaty 
ammonium compound and a stoichiometric ratio to the aryl halide (1:1) was 
favoured. Water alone could not be used because of the fragility of the resin plugs at 
high temperatures and the inability of the resin beads to swell in aqueous medium. A 
solvent mix of DMF : H20 was thus envisaged to allow the tuning of resin plug 
swelling. Ideally, it would enable the palladium plug catalysts to achieve sufficient 
catalytic activity while withstanding higher temperatures (Scheme 4.7, Table 4.5). 
Suzuki 	 Ph 
Ph boronic acid  
R O1 s-XL-Pd plug 46 Et3N, DMF:H 20 










Scheme 4.7: Various microwave-assisted Suzuki, Sonogashira and Heck 
cross-ëoupling reactions with s-XL-Pd plugs 46 in DMF: H 20. 
Entry Reactiona X, R 
DMF : H20 HPLC conversion 
ratio time (mm) 
1 Sonogashira" I, CF3 1.2: 1 100 / 165 
2 Sonogashira" I, CF3 1.7: 1 76 / 90 
3 Sonogashirac I, C173 2.7: 1 100 / 30 
4 Suzukic I,C173 2.7:1 100/30 
5 Heckc I, CF3 2.7: 1 100 / 30 
6 Sonogashirac Br, CF3 2.7: 1 91 / 180 
7 Sonogashirac I, NO2 2.7: 1 100 / 45 
° Reaction conditions: phenyl acetylene / phenyl boronic acid / styrene, DMF : H 20, air, pW, 130 °C. 
s-XL-Pd plug loading: b  0.08 mol %, C  0.6 mol %. 
Table 4.5: s-XL-Pd plug catalytic activity in microwave-assisted 
cross-coupling reactions under varying conditions. 
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The Sonogashira cross-coupling reaction of phenyl acetylene with the activated 4-
iodobenzotrifluoride was chosen as a model reaction and various ratios were tried for 
the solvent mix of DMF : H20 (Table 4.5, entries 1, 2 and 3). A DMF : H20 ratio of 
2.7: 1 appeared as the best to strike the right balance between activity and robustness 
for s-XL-Pd plug catalysts 46 (Table 4.5, entry 3). The same conditions were used in 
the Suzuki and the Heck reactions, with phenyl boronic acid and styrene as coupling 
partners respectively, and resulted in the same rate enhancement (Table 4.5, entries 4 
and 5). A similar accelerating effect was observed when the system was applied to 
Sonogashira reactions with the corresponding deactivated aryl bromide, albeit with a 
longer time, or the electron-poor 4-iodonitrobenzene (Table 4.5, entries 6 and 7). 
Despite all the improvements, reaction times were still long and the method was not 
effective with all substrates. Additionally, running reactions at a slightly lower 
temperature would certainly minimise plug distortion and allow reuse. It was 
therefore decided to undertake a base and solvent screening to optimise further the 
reaction conditions. The Sonogashira cross-coupling reaction of the relatively 
unactivated 4-iodobenzene with phenyl acetylene, catalysed by s-XL-Pd plug 46, 
was chosen as a model reaction (Scheme 4.8). A range of bases was screened in the 
reaction, performed in H20 using either DMF or MeCN as co-solvent (Table 4.6). 
- 	 - 
/ 	
- H + I 	
/ 
s-XL-Pd plug 46, base - 	 - 
Co-solvent: H 20 (2.7: 1)  
pW, 120 °C, 1 h 59e 
Scheme 4.8: s-XL-Pd plugs-catalysed Sonogashira model reaction. 
Entry Base Co-solvent 	SM / product ratio (%) 
1 Et3N DMF 68/32 
2 Et3N MeCN 81 / 19 
3 NaOAc DMF 74/26 
4 NaOAc MeCN 89/11 
5 NaO'Bu DMF 59/41 
6 NaO'Bu MeCN 79/21 
7 K2CO3 DMF 76/24 
8 K2CO3 MeCN 85/15 
9. Na2HPO4 DMF 85/15 
10 Na2HPO4 MeCN 79/21 
s-XL-Pd plug loading: 2.0 mol %. 	-- 
Table 4.6: Base and solvent screening in the Sonogashira model reaction. 
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Comparing results in Table 4.6, DMF was the co-solvent of choice with every base 
except Na2HPO 4 which gave a slightly better conversion in acetonitrile (Table 4.6, 
entries 9 and 10). The effect of bases was also important, because the desired cross-
coupling product was not obtained in any noticeable amount in the absence of bases. 
Among the bases evaluated in DMF H20, NaO'Bu was found to be the most 
effective (Table 4.6, entry 5), although soluble Et3N can also be used, giving slightly 
lower conversions (Table 4.6, entry 1). Reactions using the two inorganic bases 
NaOAc and K2CO3 afforded a similar, moderate quantity of cross-coupled product 
(Table 4.6, entries 3 and 7) while a significantly lower conversion was achieved 
when Na2HPO4 was employed as a base (Table 4.6, entry 9). 
Scope 
To evaluate the scope and limitations of this modified procedure employing NaO'Bu 
as a base, the reaction of a wide variety of aryl halides (1 mmol scale) with phenyl 
boronic acid, phenyl acetylene or styrene was examined using XL-Pd plug 46 as a 
catalyst in DMF : H20 (Scheme 4.9, Table 4.7). 
Suzuki 
Ph boronic acid 
X XL-Pd plug 46, TBAB 	Sonogashira 
R 	 NaOtBu, DMF:H20 	Ph acetylene 











Scheme 4.9: Various microwave-assisted Suzuki, Sonogashira and Heck 
cross-coupling reactions with XL-Pd plugs 46 under modified conditions. 
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Substrate 	 Isolated yield (%) 
Entry 	R °' ' SuZukia 	Sonogashiraa 	Heckz 
1 	 OMe 	 26d 
2 	 CF3 96c 85c 94C 
3 	 NO2 61c 81e 
4 	 Me 95C 79C 
5. 	 H . 	 92c 	 570 	 94a 
6 	 COMe 	 77b 	 59b 	 82b 
Reaction conditions: phenyl boromc acid / phenyl acetylene / styrene, TBAB, NaO'Bu, DMF : H20, air. 
s-XL-Pd plug loading: b  2.8 mol %, C  0.6 mol , d  6.8 mol , e 0.08 mol %. 
Table 4.7: XL-Pd plug catalytic activity in microwave-assisted 
cross-coupling reactions of various aryl iodides. 
Of the 3 C-C bond forming reactions, the Sonogashira cross-coupling showed the 
most mixed results. In this case, the devised microwave methodology seemed to 
promote oxidative dimerisation of phenyl acetylene, particularly with aryl iodides 
bearing no activating group (Table 4.7, entries 1, 5 and 6). Suzuki and Heck 
reactions proceeded to completion with all aryl iodides, although product isolation 
proved more difficult in the case of R = NO2 and also R = COMe, to a lesser extent 
(Table 4.7, entries 3 and 6). 
The procedure was further explored in Heck-Mizoroki cross-coupling reactions 




X—---M XL-Pd plug 46, TBAB 
e 
	
Me C~ ~  
pW, 120 °C, 15 mm 
[X=l,BrI 	 60d 
Scheme 4.10: Various microwave-assisted Heck-Mizoroki reactions 
giving 4-methyl stilbene with s- or m-XL-Pd plugs 46. 
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Entry X Type / Loading of XL-Pd plug HPLC conversion (%) 
1 	Br 	s-XL-Pd / 5.6 mol % 	 93a 
2 	I m-XL-Pd / 0.5 mol % 97 
3 I 	s-XL-Pd / 0.8 mol % 	 98" 
Reaction 	° required 2 times 15 mm. b  Reproduced for 5 catalytic runs. 
Table 4.8: Catalytic activity and recyclabifity of differing XL-Pd plugs 46 
in microwave-assisted Heck reactions giving 4-methyl stilbene. 
Unlike the conventionally heated Heck reactions, previously reported in the first part 
of this chapter, in which 4-bromotoluene failed to convert after 4 days, the 
microwave-assisted procedure afforded quantitative product conversion after 30 
minutes, with the same deactivated àryl bromide (Table 4.8, entry 1). As with the s-
XL-Pd plug 46 (Table 4.7, entry 4), the corresponding aryl iodide converted nicely 
too, using the m-XL-Pd plug 46 at a lower loading level (Table 4.8, entry 2). When 
the recyclability of s-XL-Pd plugs 46 was evaluated under these microwave-
promoted conditions, the same 4-iodotoluene substrate underwent five consecutive, 
catalytic runs of the ligand-free Heck reaction smoothly, with excellent 
reproducibility (Table 4.8, entry 3). 
• Three-phase test 
While catalytic activity and reyclability with consistent yields are important 
characteristics for supported palladium, these characteristics do not indicate whether 
a solid-bound palladium catalyst operates by a truly heterogeneous or a 
homogeneous mechanism. In most cases, results have shown that they merely 
represent a reservoir of a soluble palladium species which effectively catalyses 
reactions by leaching out of the support.226' 67, 227, 228 Several tests and analytical 
techniques, such as poisoning studies, filtration tests or three-phase tests, are 
available to investigate and assess the nature of the catalysis. However, some 
techniques, such as filtration tests or elemental analysis, do not Sallow conclusiye 
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characterisation of metal leaching when used alone. 229 Indeed, Lipshutz pointed to 
the fact that leached metal can quickly redeposit back to the support, or even 
deactivate, without being noticed in a filtration test. 230 In addition, only a minute 
amount of soluble metal is often required for catalysis and therefore can not always 
be detected by elemental analysis.231' 232, 233 In contrast, the three-phase test, 
proposed by Rebek and co-workers,234' 235, 236 has been fruitfully used as a simple 
technique to raise definitive evidence towards either mode of catalysis.208' 237, 238, 239, 
240 Taking this into account, it was decided to continue our studies with experiments 
based on this test, consisting of immobilisation one of the substrates onto a solid 
support in addition to using a distinct solid-anchored catalyst. In this way, the solid-
supported reagent should be hardly converted if the catalytic activity really comes 
from the anchored metal center. On the contrary, if some metal catalyst leaching 
occurs during the course of the reaction, the metal-catalysed reaction will proceed to 
some extent with the tethered reagent. An additional requirement is the presence in 
the reaction solution of the substrate likely to trigger leaching, i.e. here an aryl halide 
involved in the oxidative addition to the palladium catalyst. It must closely resemble 
the solidsupported version to ensure similar reactivity and hereby validity of the test. 
With this in mind, a Rink resin plug-bound aryl iodide 61, analogue of 4-
iodoacetophenone, was prepared (Scheme 4.11). 
20%Pip/DMF / \ 0 







Scheme 4.11: Preparation of Rink resin plug-bound aryl iodide 61. 
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Solid phase 61 was subsequently used in palladium-catalysed three-phase tests with 
s- and m-XL-Pd plugs 46 (the Suzuki reaction with phenyl boronic acid, the 
Sonogashira reaction with phenyl acetylene and the Heck reaction with styrene; See 
Scheme 4.12, for the principle illustrated with a Suzuki reaction, and Table 4.9). The 
reactions were conducted in the usual manner with soluble 4-iodoacetophenone, 
NaO'Bu as a base and TBAB as a phase-transfer agent in DMF : H20 (2.7: 1), under 





+ i_-— \Calysts A - B
&_a~ 
	
TFA/TIS/DCM 	 58f 
95/25  
s-XL-Pd plug I 	 0 
m-XL-Pd plug 
+ _G~~11 NH2 
62 	 63 
Scheme 4.12: 3-phase test principle illustrated in the case of the Suzuki 
cross-coupling reaction with s- and m-XL-Pd plugs 46. 
With each XL-Pd plug 46, the three Pd-catalysed reactions proceeded successfully 
and yielded the soluble corresponding adducts (Table 4.7, entry 6), e.g. biaryl 58f in 
Scheme 4.12. After every reaction, with both cross-linked Pd catalysts 46 (A and B), 
the Rink resin plug bearing the starting iodo substrate underwent a TFA-mediated 
cleavage process. The ratios of products derived from supported aryl iodide 61 
(amides: 62 from starting material, 63 from Suzuki, 64 from Sonogashira and 65 
from Heck, Scheme 4.12 and Figure 4.8) were then determined by HPLC (See 
Figures 4.9, 4.10 and 4.11 for the Suzuki, the Sonogashira and the Heck reactions, 





Figure 4.8: Amides 64 and 65 from Sonogashira and Heck 3-phase tests. 












'"s 8,6 	9,6 
Figure 4.9: HPLC trace (ELSD) after Suzuki reaction 
with s-XL-Pd plug A and m-XL-Pd plug B. 











Time (mi 	 8,6 9,6 
Figure 4.10: HPLC trace (ELSD) after Sonogashira reaction 
with s-XL-Pd plug A and m-XL-Pd plug B. 
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Figure 4.11: HPLC trace (ELSD) after Heck reaction 
with s-XL-Pd plug A and m-XL-Pd plug B. 
HPLC (ELSD) conversion after cleavage (%) 
Suzuki 	Sonogashira 	Heck 
Entry Catalyst 	62 	63 62 	64 62 	65 
1 	A 	94 	6 	0 	100 	0 	100 
2 B 100 0 100 0 66 33 
Table 4.9: 3-phase tests results with s-XL-Pd plug A and m-XL-Pd plug B 
in microwave-assisted Suzuki, Sonogashira and Heck reactions. 
Complete conversion to amide products occurred with catalyst A in all reactions 
except for the Suzuki cross-coupling where the solid-bound iodide was converted to 
amide 63 only to a limited extent (6%, Table 4.9, entry 1). In contrast, when the 
same reactions were performed with catalyst B, no product formation was observed, 
except in the Heck reaction with 33% of 65 generated (Table 4.9, entry 2). The 
results from the three-phase test indicate that soluble, catalytically active palladium 
species are released into solution when s-XL-Pd plugs are used, while they suggest 
that m-XL-Pd plugs were less prone to leaching. This difference of pattern could be 
ascribed to the plug shape: i.e. s-XL-Pd plugs displaying a larger surface area and 
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being more difficult to wash than m-XL-Pd ones, some remaining soluble, active Pd 
species could be held within the s-plugs after their preparation and released during 
reaction. Tuning of resin cross-linking in Pd plugs could help in reducing the 
leaching process by preventing the release of these species while still allowing access 
inside the plugs to reagents. 
IV.3 Conclusion 
In conclusion, the use of s- and m-cross-linked palladium plugs 46 was assessed in 
Suzuki-Miyaura, Sonogashira-Hagihara and Heck-Mizóroki cross-coupling 
reactions. Moderate to excellent conversions were obtained in the scrôening of a 
broad range of aryl halides, with electron-withdrawing as well as electron-donating 
substituents, under conventionally heated and microwave-assisted ligand-free 
conditions, without inert atmosphere. 
However, three-phase test results coupled with kinetic studies of s-)(L-Pd plug 46, 
support the existence of soluble, palladium species as homogeneous catalysts. On the 
other hand, the catalysis process was occurring with Pd species on the m-XL-Pd plug 
46, as evidenced in a three-phase test, except for the Heck reaction. 
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V PEPTIDE SYNTHESIS ON RESIN PLUGS 
V.! Introduction 
V.1.a Continuous-flow Solid-phase Peptide Synthesis 
With the aim of improving the efficiency of solid-phase peptide synthesis, Bayer and 
co-workers engineered a new mode of operation. 24 ' The conventional discontinuous 
system was replaced by a low-pressure continuous-flow process. In this system, 
traditional microporous polystyrene resin was not recommended since it underwent 
excessive swelling and blocked solvent flow. The researchers chose instead an 
inorganic material based on silica and functionalised with benzylic alcohol groups, 
namely Biopak, to be placed in a column through which solutions were passed. 
Conditions associated with each method, i.e. silica- and resin-based, were compared 
for peptide synthesis (Table 5.1). 
Polystyrene resin Biopak 
Capacities 0.1-0.5 mniollg 0.006-0.06 mmollg 
Time / cycle 
DCI :a4h 




Batch procedure, in 
separate reaction vessels 
Column procedure 
Cleavage HBr.CF3CO2H, 90 mm 
HBr.CH3CO2H, 20 mm 
or HBrCF3CO2H 
a  DCI: N,N'-dicyclohexyl carbodiimide-mediated peptide couplings. 
b ONp: p-nitrophenol-activated ester method. 
Table 5.1: Conditions used with resin and Biopak for peptide couplings. 
Results showed several advantages in favour of the new flow-through method, not 
least the shortening of washings and reaction times (Table 5.1). The process also 
allowed an easier scaling-up of the synthesis while reaction progress could be 
monitored more easily and any damage to the support could be prevented. Other 
groups later investigated similar continuous-flow systems.242' 243, Among them, 
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Sheppard reported in 1981, after several attempts, a new material as a solid support 
for multiple peptide synthesis under flow-through conditions. It was prepared 
through polymerisation of a functionalised polyacrylamide gel within the pores of a 
rigid, inert inorganic matrix. With the development of the field, new solid supports 
emerged, e.g. PolyhipeTM,  by Sherrington and co-workers, 245 which was claimed to 
offer better flow characteristics (no loss of gel during peptide synthesis) and higher 
loading capacity (1 mmol g, compared to 0.1-0.2 mmol g'). 
Cellulose discs were. also used as solid supports, stacked in columns (100 could be 
fitted simultaneously), for multiple peptide synthesis under flow-through 
conditions. 246 Ap-alkoxybenzyl ester was used as a linkage to build 13 heptapeptide 
sequences on the cellulose discs with success. Wikberg and co-workers recently 
adapted this continuous-flow method to generate a library of hexapeptides with an 
automated peptide synthesiser and cotton discs as the solid carriers (Scheme 5.1).247 
FmocHN -y  
HO- 	










16 	 TO 
Flow-through 	 I 
hexapeptide 	 Fmoc-Pro-His-Rink-c Ahx-0 cotton 
Split and mix 
sequences 	NE 
Scheme 5.1: Flow-through synthesis of hexapeptides on cotton discs. 
The procedure they developed involved individual labelling of the cotton discs with 
silver ink and the use of 6-aminohexanoic acid (eAhx in Scheme 5.1) as a handle and 
Rink as a linker. To prepare the 16 peptide library from Fmoc-protected amino acids, 
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they adopted an "additive" approach, as they termed it, which is more selective in 
term of the number of peptides generated, compared to "multiplicative" libraries 
stemming from a split and mix strategy. At the end of the synthesis, each cotton disc 
bore a unique hexapeptide to be screened and afforded 3-4 mg (-30%) of —80% pure 
peptide after cleavage. 
It took time before automated flow-through processes were applied to other types of 
reactions. 248 It started with Knoevenagel condensations using aminopropyl-
functionalised silica gel as catalyst loaded in a column.249' 250  Recently, an array of 
heterocyclic thioethers was also generated in high yields and excellent purities via a 
continuous-flow approach, based upon a resin "capture and release" protocol. 25 ' A 
similar system with solutions flowing through a nano-dispersed Pd(0) catalyst 
immobilised on support/polymer-bound ammonium cations offered good results in 
three types of C-C cross-coupling reactions. 252 
V.1.b Microwave-assisted Solid-phase Peptide Synthesis 
When solid-phase reactions are performed under microwave conditions, reaction 
times can often be reduced from hours or days to minutes, as observed by several 
research groups.253' 254  The first applications of microwave irradiation to solid-phase 
reactions concerned peptide synthesis. Yu et al. managed to perform peptide 
couplings on polystyrene support in only 4 min under microwave irradiation, 
compared to 30 min with traditional heating at 60 °C, while peptide hydrolysis could 
proceed in 7 min compared to 24 h under conventional conditions. 255 Not only were 
the rates of peptide coupling reactions accelerated but full conversions were achieved 
(either via symmetric anhydride or pre-formed HOBt active ester coupling methods) 
and no racemisation was observed. 
Gogoll and co-workers further investigated the field of microwave-assisted solid- 
phase peptide synthesis with their studies of stencally hindered Fmoc-protected 
- amino acids couplings on Rink polystyrene resin. 256 In their report, they screened 
various coupling reagents and determined the optimal conditions associated with 
them, in order to generate difficult di- and tripeptide sequences, such as Thr-Val-Ile- 
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N112 66, efficiently (Scheme 5.2). On the whole, optimised microwave protocols 
achieved complete and rapid couplings (1.5 - 20 mm) with no racemisation detected 
and no repeated steps necessary. More specifically, HATU proved to be the most 
efficient coupling reagent with a reaction time of 1.5 min at 110 °C (Table 5.2). 
OH  o 
Fmoc-NH-Rink-NH 	H2N(NLNNH2 ® 
66 
Scheme 5.2: Microwave-assisted preparation of Thr-Val-Ile-NH 2 66. 
Coupling Reagent Reaction time (mm) Temperature: (°C) Solvent 
PyBOP 20 110 DMF 
Mukaiyama's Reagent 10 130 DCM 
TBTU 10 110 DMF 
HATU 1.5 110 DMF 
Table 5.2: Various microwave conditions tested for peptide couplings. 
Collins et al. reported the efficient synthesis of difficult peptide sequences with 
microwave heating and standard Fmoc-synthesis methodology. 257 Acyl carrier 
peptide 6574ACP VQAAIDYING was synthesised from a Gly-functionalised Wang 
resin with each cycle comprising a 60-second deprotection and a 120-second 
coupling, while they were of 120 seconds and 300 seconds, respectively, in the case 
of the deca-alanine AAAAAAAAAA synthesis from an Ala-functionalised CLEAR 
resin. The single mode cavity microwave allowed not only dramatically reduced 
cycle times but also less aggregation leading to peptides of higher purity. 
Recently, Matsushita and co-workers decided to apply microwave energy to related 
but more challenging syntheses, i.e. solid-phase syntheses of glycopeptides. 258 More 
specifically, a synthetic protocol was devised to efficiently afford the targeted 
MUC 1-related 20-residue glycopeptide 68 starting from Fmoc-protected Rink 




1. 20% piperidine/DMF, 3 mm 
2. Fmoc-AA-OH (3.0 eq.), HBTU, 
HOBt, DIEA, DMF, 10 mm 
3. AcO, HOBt, DIEA, DMF 
4. Repeat 1-3 
R R 	 R 	 RR 
I 	I I I 	I 
Trt 	 OtBu Pbf 
67  
5. TFAITIS/HO (95/2.5/2.5) 
R R 	 R 	 RR 








Scheme 5.3: Matsushita's microwave-assisted SPS of glycopeptide 68. 
The route chosen was based on a Fmoc strategy and each cycle involved three steps, 
i.e. Fmoc deprotection, amino acid coupling and capping of remaining free amino 
groups (Scheme 5.3). As in classic amino acid couplings, reaction rates of sterically 
hindered sugar-bound amino acid derivatives were greatly enhanced. Using 
microwave conditions at 50 °C, the targeted glycopeptide 68 could be generated in 
44% yield in 7 h, while 4 days were necessary to achieve a similar level of 
conversion under conventional heating. It offers therefore new perspectives to speed 
up the traditionally long construction of glycopeptide libraries. 
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In 1994, Strauss and co-workers combined flow-through and microwave techniques 
with great benefits. 259 They used a continuous microwave reactor (CMR), designed 
in their laboratory, in a large variety of reactions. In this process, reaction mixtures 
were passed through a pressurised reaction coil held in a microwave cavity. Overall, 
reaction products were attained in great yields and much less time than under 
conventional conditions. Recently, Kirschning's group successfully adapted the 
method combining continuous-flow and microwave irradiation to speed up processes 
catalysed by palladium immobilised on a solid phase. 260 
V.1.c Solid-phase Peptide Synthesis Monitoring 
Since amino groups are crucial in the coupling of amino acids, a range of methods 
have been developed to monitor their presence on resin beads during solid-phase 
peptide synthesis. Kaiser et al. 261  thus adapted the ninhydrin reaction, introduced by 
Moore and Stein262 for amino acid analysis in solution, to enable its use in peptide 
synthesis on solid support. The procedure, based on reagents reported by Troll and 
Cannan, 263 was successfully used to detect primary aliphatic amines on the resin 
beads. After heating a sample, the presence of free amino groups was characterised 
by the appearance of a blue color in solution and on the beads, thereby allowing 
monitoring of the coupling reaction. However, the ninhydrin / Kaiser test was 
restricted to an approximate visual evaluation of the amount of amine, related to the 
intensity of blue color observed. Therefore, Sarin and co-workers further modified 
the ninhydrin method to allow quantitative monitoring via measurement of the total 
absorbance of the sample filtrates against the reagent blank at 570 nm to enable 
accurate analysis. 2M The reactions believed to be associated with the monitoring 
process are described on Scheme 5.4. In the case of chloromethyl resin-bound 
peptides, side-reactions with remaining chloromethyl sites led to retention of the blue 
chromophore on the resin beads (Scheme 5.5). These required an additional ion-
exchange washing of the beads with a quarternary ammonium chloride solution in 
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Ruhemann's purple 69 
Scheme 5.4: Process involved in the ninhydrin test. 
The primary amino group from resin-bound peptides reacts with ninhydrin and leads 
to Ruhemann's purple 69 via imine formation, tautomerisation, imine hydrolysis and 
further imine formation and tautomerisation (Scheme 5.4). 
JN + 
 Cl 
69 	•+ 	70 
Blue solution 	Colorless resin  




Blue resin 71 
Scheme 5.5: Formation of the complex 71 responsible for the blue resin. 
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Simultaneously, the pyridme present in the reagent solution reacts with remaining, 
non-esterified chioromethyl groups from the resin, affording solid-supported 
quaternaly ammonium salt 70 as by-product (Scheme 5.5). The interaction of the 
latter with the Ruhemann's anion 69 would then give resin-bound complex 71, 
responsible for the blue beads observed. 
The chloranil test was found to allow reliable detection of the presence of secondary 
amino groups. 265 Dhbt (3,4-dihydro-4-oxobenzotriazin-3-yl) activated esters were 
used as sensors for real time quantitative monitoring of peptide coupling, since they 
facilitated racemisation-free acylation reactions with a detectable color change. 266 
The NPIT (nitro phenylisothiocyanate) reagent was also reported for more general 















Scheme 5.6: Principle involved in the detection of free amines 
on solid phase by the NPIT reagent. 
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After loading the NPLT reagent onto the free amino group of the resin and 
subsequent release of the dimethoxytrityl cation via TFA cleavage (Scheme 5.6), the 
cation could be quantitated by measuring its UV absorption at 498 nm. Similarly, 
upon Fmoc cleavage, the release of the Fmoc protecting group can be quantitatively 
monitored by UV at 301 nm, thereby determining the quantity of free amine. 268 
The Counterion Distribution Monitoring method, was reported by Salisbury and co-
workers as an alternative. It took advantage of ionic interactions between an anionic 
dye and protonated amino groups and consisted in measuring, 
spectrophotometrically, its release from the solid support during the acylation step. 269 
V.2 Results and Discussion 
V.2.a Continuous-flow Peptide Synthesis on Resin Plugs 
Given the advantages inherent in flow-through synthesis, such as savings in time and 
quantity of reagents (see Section V.1.a), it was decided to investigate the use of this 
method for the preparation of dipeptide 72, with resin plugs as a solid support. 
Five Fmoc-protected Rink amide resin s-plugs were fitted into a reactor colunm (50 
x 7.5 mm, with coarse frits), filling the remaining void with a piece of polyethylene 
matrix to ensure solutions went through the plugs (Figure 5.1). 
Figure 5.1: Fmoc-protected Rink amide s-plugs in a flow-through column. 
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I! 
The column was then connected to an HPLC pump (Figure 5.2). Inlet and outlet 
tubings were set up as shown on Figure 5.3, depending on the step performed. 
Solutions were either pumped through in a close circuit (Figure 5.3, left), e.g. during 
amide bond formation, or sent to a waste bottle after exiting the column (Figure 5.3, 
right), e.g. during Fmoc deprotection. 
* 
:r. 
- Reactor column  
Outlet 
, 	 I 
1 1 tt!11I111 r 1J tubing 
Figure 5.2: Flow-through system. 
Peptide coupling 
	 Fmoc deprotection 
Figure 5.3: 2 modes for pumping solutions in the flow-through system. 
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At the start of the process, DMF was passed through the column in a recycling mode 
in order to trigger swelling of resin plugs (flow rate: 2.5 mL/min, 30 mm). The 
solvent was then substituted by a solution of 20% piperidine in DMF to carry out 
Fmoc deprotection (flow rate: 2.5 niL/mm, 7 mm), as the first step towards dipeptide 
72 (Scheme 5.7). A quick wash with DMF was then performed (flow rate: 2.5 















72 	NH N/ 
Scheme 5.7: Flow-through synthesis of dipeptide 72 on Rink amide s-plugs. 
During peptide coupling, a solution of amino acid (0.2 M solution of Fmoc-Phe-OH 
in DMF), pre-activated with coupling reagents DIC and HOBt, was pumped through 
the column in close circuit at room temperature (flow rate: 2.5 mL/min, 1 h). After 1 
h, the resin plugs contained in the reactor column were washed with DMF (flow rate: 
2.5 mL/min, 30 mm). The same procedure was applied for the next cycle with the 
second amino acid Fmoc-His(Trt)-OH, with Fmoc deprotection, washing, coupling 
steps all performed as above, except that additional washings with DCM and then 
Et20 took place after the last washing with DMF (flow rate: 0.5 mL/min, 30 mm 
each). Besides washing, flowing Et 20 through the column helped to make the resin 
plugs shrink, thereby facilitating their removal from the column for the final step. 
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Given that cleavage of the Rink linker required TFA, this last step could not take 
place in a flow-through manner due to the incompatibility of the HPLC pump with 
strong acid. Dipeptide 72 was thus cleaved classically from the resin plugs, using a 
95/2.5/2.5 TFAITIS/DCM solution for 5 h. The crude dipeptide displayed 100% 
purity, as detected by ELSD (Figure 5.4), and the correct mass was detected by ES 
(Figure 5.4, top left corner). 
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Figure 5.4: HPLC spectrum of the cleaved dipeptide (ELSD, 100% purity) 
and ES MS spectrum (calcd. for C30H29N504 523.6), top left. 
V.2.b Microwave-assisted Peptide Synthesis on Resin Plugs 
It was deemed interesting to investigate the simultaneous use of microwave 
irradiation and standard DIC / HOBt protocols for the synthesis of various peptide 
sequences on the convenient format offered by resin plugs. Combining the 
advantages of SPPS and microwave irradiation has been investigated, but using 
expensive, exotic coupling reagents such as TBTU, HATU or PyBOP. 256 The 
omission of the original "carbodiimide with additional nucleophile" method in such 
studies prompted our group to explore its ability to effect difficult couplings. 270 
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A preliminary test was conducted with the synthesis of the dipeptide His-Phe-NH 2 73 
on polystyrene aminomethyl resin plugs functionalised with the Rink amide linker. 
The same DIC / HOBt protocol as in Section V.2.a was utilised (Scheme 5.7), but 
with an additional Fmoc deprotection before the final TFA cleavage. However, 
reaction steps were not performed via a flow-through system but in a Smith 
SynthesiserTM single mode microwave cavity, producing continuous irradiation for 
uniform heating and thereby reproducible results. 27 ' Taking into account previous 
investigations in our group, the following reaction conditions proved highly efficient, 
with peptide couplings performed under microwave irradiation at 60 °C for 15 mm 
using 2.5 equivalents of amino acid, DIC and HOBt in DMF at a concentration of 0.2 
M and Fmoc deprotection only requiring 2 x 5 minutes at 60 °C. The peptide 
sequence His-Phe-NH 2 73 was thus generated in much less time than with the 
continuous flow method, while the purity of the dipeptide was not altered by the 
conditions employed (Figure 5.5), and the correct mass was observed (Figure 5.5, 
top right corner). 
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Figure 5.5: HPLC spectrum of the cleaved dipeptide (ELSD, 100% purity) 
and ES MS spectrum (calcd. for C1H 1 9N502 301.4), top right. 
The use of microwave methodology required repeated transfers of resin between 
different reaction vessels for washing, coupling and deprotection steps to be 
performed, resulting in material loss. Resin plugs, with their convenient handling of 
resin, were therefore ideally suited to address this issue. 
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Taking advantage of a CEM LibertyTM Microwave Peptide Synthesiser, 272 which was 
designed specifically for microwave-assisted solid-phase peptide synthesis and 
allowed the automation of the tedious washing steps, challenging sequences were 
synthesised. 
The ACP fragment 65-74 is well known to display a sequence-dependent problem by 
forming a fl-sheet structure, hampering its synthesis. 273 The peptide 74 was 
assembled on Fmoc-protected Rink amide resin plugs with the same DIC / HOBt 
method as previously reported, utilising pre-formed N-hydroxybenzotriazole 
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Scheme 5.8: Microwave-assisted synthesis of ACP fragment 74 on plugs. 
Adapting our method to the requirements of the equipment, e.g. volume constraints, 
amide bonds were formed under microwave irradiation at 75 °C for 15 min using 5 
equivalents of amino acid, DIC and HOBt in DMF at a concentration of 0.2 M and 
Fmoc deprotections were left 5 minutes at 75 °C. Under these conditions, which 
allowed single couplings and ensured Fmoc group stability, the classical DIC / HOBt 
method proved superior to the HBTU / HOBt / DIPEA one, yielding an ACP 
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Figure 5.6: HPLC spectrum of the cleaved decapeptide (ELSD, 84% purity) 
and ES MS spectrum (calcd. for C 47H75N130 1 5 1062.2), top right. 
The second peptide sequence /JAla-Ser-Lys-Val-Tyr-Phe-Ala-Lys(Dde)-NH2 75 
(Scheme 5.9) was identified as a potential substrate for the protease ADAM33 and 
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Scheme 5.9: Microwave-assisted synthesis of octapeptide 75 on plugs. 
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The octapeptide 75 was synthesised under similar conditions, starting from Rink 
amide resin plugs and using a Fmoc / tBu protection strategy. Each amino acid was 
pre-activated manually for 20 minutes with HOBt and DIC before loading the bottle 
onto the peptide synthesiser (Scheme 5.9). Every reaction step was performed at 75 
°C, with peptide couplings carried out for 20 minutes and Fmoc deprotections for 2 x 
5 mm. The association of microwave irradiation and traditional DIC I HOBt 
chemistry allowed the successful synthesis of the octapeptide 75 with a purity of 
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Figure 5.7: HPLC spectrum of the cleaved octapeptide (ELSD, 97% purity) 
and ES MS spectrum (calcd. for C54H8 1 N 1 1012 1076.3), top right. 
The labelling of the protected, plug-bound octapeptide with FRET couples [FAM / 
Dabcyl] and [2-Abz / 3-(NO 2 )Tyr] was attempted to enable its use as fluorescent 
probe in subsequent studies. However, the synthesis proved difficult on resin plugs, 
with a particularly troublesome Dde deprotection. 
The solid-phase assembly of heptapeptoid derivative 76,270  used for cellular delivery 
studies within our group, 274 was performed in the same fashion on a plug, in the 
CEM microwave peptide synthesiser. To effect coupling, 0.2 M solutions of pre-
activated substrates underwent microwave irradiation at 60 °C for 15 minutes. The 
Fmoc protecting group was removed with a 20% piperidine/DMF solution after 
microwave treatment at 75 °C for 5 minutes (Scheme 5.10). 
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Scheme 5.10: Microwave-assisted synthesis of heptapeptoid 76 on plugs. 
Single couplings to the secondary amines were sufficient to afford the title peptoid 
adduct 76 rapidly, with little truncation (Figure 5.8), thus proving the stability of the 
active ester of the monomer over the seven couplings effected overnight. 
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Figure 5.8: HPLC spectrum of the cleaved peptoid (ELSD, 92% purity) and 
ES MS spectrum (calcd. for C77H, 50N 180 11 1516.2) , top right. 
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V.2.c Preparation and Use of Plug-bound Self-indicators in SPPS 
A colourimetric test was devised by Lebi el al. to detect amines, based on the acid-
base indicator bromophenol blue (BB), 275 involving its addition to a suspension of 
resin to allow continuous or discontinuous monitoring of peptide coupling. The 
presence of free amino groups would be detected via a colour change of the resin in 
contact with the sensitive dye, from yellow-orange to deep blue, indicating its 
deprotonation and complete inner rearrangement had taken place. Kinetics were 
quantitatively followed and results obtained with two other dyes, i.e. picric acid 276 
and ninhydrin264, were in accordance with each other (Table 5.3). 
time (mm ) 	
INH2 I (mmol.g5 
Reaction  
Picric acid Ninhydrin (quantitative) 	BB 
5 0.303 0.286 0.292 
10 0.161 0.153 0.156 
20 0.042 0.035 0.049 
40 0.013 0.015 0.012 
80 0.004 0.003 0.003 
Table 5.3: Kinetics comparison for the various monitoring methods. 
Inspired by this paper, previous work in the group led to the development of self-
indicating resins based on the use of a bromophenol blue derivative attached to a 
support. 277 Likewise, given its high sensitivity, the colour change of the dye 
derivative allowed direct in situ monitoring of a reaction. Thus, the resin-bound dye 
was successfully used as an indicator during purification by scavengers and as an 
internal sensor during solid-phase peptide synthesis. It was decided to examine the 
effect caused by a switch of support from resin beads to resin plugs. Bromophenol 
blue derivative 77 was coupled to aminomethyl resin s-plug using TFFH with TEA 














Scheme 5.11: Preparation of resin plug-bound dye BB 78. 
The functionalised s-plug 78 appeared red in acidic solution and dark blue in basic 
solution (Figure 5.9 and Figure 5.10). 
rT 
Figure 5.9: Acidic. 	 Figure 5.10: Basic. 
The plug-bound dye 78 was used as an internal sensor in solid-phase peptide 
synthesis. A preliminary test was conducted to ascertain the ability of the dye 78 to 
detect free amino groups within the plug. Thus, after loading 5% of the amino sites 
with the dye, the plug was cut into two halves. On one half, the remaining amino 
sites were capped with acetic anhydride whereas they were left free on the other half. 
In DMF, the capped half remained unchanged while the uncapped one turned 
greenish (Figure 5.11). This test proved conclusively that using self-indicating s-






Fmoc-Rink-NH__y-- _NHH Indicator 
20% Piperidine/DMF 
H-Rink-NH ~~ NH-I Indicator 
Fmoc-AA 1 -OH 
DIC/HOBt 




H-(AA)-AA 1 -Rink-NH —y3—NH 
-_Indicator 
90% TFAIDCM 




Scheme 5.12: Solid-phase peptide synthesis on self-indicating plug 78. 
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Thus, 5% of the amino sites of a polystyrene aminomethyl resin s-plug were loaded 
with the dye and the remaining amino groups were coupled to Fmoc-Rink linker 
using classical solid-phase peptide coupling conditions (Scheme 5.12). The Fmoc 
protecting group was subsequently removed in a standard manner and the sequence 
was repeated 5 times with appropriate, protected amino acids to successfully build 
the pentapeptide Leu-enkephalinamide 79 (H-Tyr-Gly-Gly-Phe-Leu-NH2) on the 
Rink amide linker. 
At each step of the sequence, colour changes started quickly after immersion of the 
plug into the reaction solution, turning blue during Fmoc removal and greenish 
during amino acid coupling (Figure 5.12 and Figure 5.13). 
Figure 5.12: Fmoc removal. 	Figure 5.13: Amino acid coupling. 
However, similarly, the capped half changed colour under the conditions utilised, i.e. 
when treated alternatively with a solution of HOBt in DMF and a solution of 
piperidine in DMF, despite no chemistry allowed to take place. This is due to the fact 
that the dye is pH-sensitive. The reaction conditions used in the solid-phase peptide 
synthesis can trigger modification of the pH-sensitive dye and therefore mask the 
colour change due to the amino groups within the plug. One way to overcome this 
problem is to use acidic/basic washings to remove the colour due to the conditions. 
The colour due to the amino groups of the plug should then be displayed, once the 
plug in DMF. However, the in situ monitoring during reaction is thus lost and it 
becomes more of a qualitative test like the ninhydrin method. 
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V.3 Conclusion 
This study demonstrated that the format of resin plugs was fully compatible with the 
use of a microwave peptide synthesiser, and promising under continuous flow 
conditions. Moreover, it was shown that their convenient resin format enabled 
successful preparation of challenging peptide sequences, such as the 65-74 acyl 
carrier protein fragment 74 or the peptoid derivative 76, in a cheap and efficient way 
from commercially available Rink amide plugs. High punties of crude peptides 
(between 84 and 100%) were achieved through the concerted use of a robust DIC / 
HOBt protocol and either a flow-through system or microwave heating. 
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VI EXPERIMENTAL 
VI.! General Information 
All resin plugs were supplied by Polymer Laboratories. The size of plugs was 
measured with a Mitutoyo digital calliper 0-150 mm (+1— 0.02 mm accuracy). 
Reagents were purchased from Aldrich, Avocado and Novabiochem. DCM was 
distilled from CaH2 under N2 and THF was distilled from sodium/benzophenone 
under N2, immediately prior to use. All other solvents were used as received. 
Reactions were run in parallel in a 12-place heated Carousel Reaction Station from 
Radleys Discovery Technologies. Reactions under microwave irradiation were 
conducted in a single-mode SmithSynthesiserTM from Biotage. The reaction vessels 
were either 0.5-2 mL or 2-5 mL EmrysTM Process Vials from Biotage, sealed with 
the septa designed by ResealTM. Peptide sequences were assembled on a CEM 
LibertyTM Microwave Peptide Synthesiser and all amino acids used were of L 
configuration. 
Aluminum backed silica plates (Merck silica gel 60 F254) were used for thin layer 
chromatography (TLC) to monitor solution-phase reactions. UV fluorescence (254 
nm) was used to visualise compounds unless stated otherwise. Flash chromatography 
was performed on silica gel using Keiselgel 60, 230-400 mesh, as supplied by 
Merck. 
HPLC analysis was performed on an Agilent Technologies HP1 100 Chemstation 
equipped with a visible wavelength UV detector and either: 
a Discovery Supelco 5 pm, C18 column, 30 mm x 4.6 mm i.d., flow rate: 1.0 
mL/min, eluting with (A) 0.1% .TFAIH2O and (B) 0.04% TFAIMeCN, 
gradient (Method 1): 10% (B) to 90% (B) over 3 mm, then 2 min isocratic. 
• an ELS detector and a Phenomenex Gemini 5 pm, C 1 8 column, 100 mm x 4.6 
mm i.d., flow rate: 1.0 mL/min, elutmg with (C) 0.1% formic acidJ1120 and 
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(D) 0.1% formic acid/MeOH, gradient (Method 2): 10% (D) to 90% (D) over 
6 mm, then 3 min isocratic. 
LC-MS analysis was performed on an Agilent Technologies HP1 100 Chemstation 
equipped with a visible wavelength UV detector, an installed electrospray chamber 
(lonisation mode: ES, in positive mode) and a Phenomenex Gemini 5 pm, C18 
column, 100 mm x 4.6 mm i.d., flow rate: 1.0 mL/min, eluting with (C) 0.1% formic 
acidfH20 and (D) 0.1% formic acid/MeOH, gradient: 10% (D) to 90% (D) over 6 
mm, then 3 min isocratic. 
GC analysis was performed on a Shimadzu GC-14B fitted with a Phenomenex ZB-5 
column (1 gradient: 250 °C over 4 mm, then 250 °C to 350 °C over 6 mm), 0.25 pm 
film (5% phenyl polysiloxane), 30 m x 0.25 mm i.d., carrier gas: N2 (flow rate: 1.0 
mL/min), and equipped with a FID detector. 
Melting points were determined using a Gallenkamp melting point apparatus and are 
uncorrected. 
Infra-red spectra were recorded on a Bio-Rad Fourier Transform Spectrometer (FTS) 
135 with a "Golden Gate" Attenuated Total Reflection (ATR) sample stage. All 
selected absorption frequencies vma,, are reported in cm 1 . All samples were run as 
either neat solids or oils. 
'H NMR and 13C NIMR spectra were recorded using a Bruker ARX-250 FT operating 
at 250 and 62.5 MHz, respectively, or using a Bruker AC-300 FT spectrometer 
operating at 300 and 75 MHz, respectively, or using a Bruker DPX-400 FT operating 
at 400 and 100 MHz, respectively, at 298 K. 31 P NMR spectra were recorded on a 
Bruker DPX-400 FT at 162 MHz. All chemical shifts S are quoted in parts per 
million using the residual protonated solvent as the internal standard or ' 3C natural 
abundance of the deuterated solvent. Coupling constants (.1 values) are reported in 
Hz. 
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ES mass spectra were recorded from acetonitrile solutions on a Fisons VG Platform 
Quadrupole Electrospray lonisation mass spectrometer with an Agilent Technologies 
1050 HPLC system, in positive mode, measuring monoisotopic masses. High 
resolution ES mass spectra were recorded on an FT-ICR ES-MS Bruker Apex III. El 
spectra were recorded using a ThermoQuest Trace MS gas chromatograph 
configured for open access operation. 
Palladium analysis of the resin plugs was performed by ICP-AES at Medac Ltd, 
Surrey, UK. Analysis of the palladium in solution for the Heck recycle tests was 
performed by ICP-AES at the University of Edinburgh after calibration of the 
machine with standard solutions of Pd in 1% aqueous HNO3 solutions (0.1, 1, 2, 5, 
10, 50, 100 and 1000 ppm). 
TEM analysis was performed at the Southampton General Hospital by Dr Anton 
Page. Before analysis, sample resin plugs were embedded in Spurr resin and 
polymerised at 60 °C for 18 h. 100 nm sections were cut on a Reichhert 0MU3 
ultramicrotome using a diamond knife. Images of the sections were recorded on a 
Hitachi H7000 Transmission Electron Microscope. 
VI.2 Experimental for Chapter II 
YI.2.a Swelling Properties 
Microwave experiments on Merrifield resin s-plugs with different solvent 
volumes: 
4 s-plugs containing 30% microporous Merrifield resin were introduced into 4 
reaction vessels with the desired volume of DMF (2, 3, 4 or 5 mL) and microwave 
irradiated for 5 min at 130 °C. Images of the resulting plugs were taken, showing the 
swelling they underwent (Section ll.2.a). 
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Microwave experiments on Merrifield resin s-plugs at different temperatures: 
5 s-plugs (L = 9.52 mm, D = 7.50 mm, 30% microporous Merrifield resin) were 
placed in DMF (2 mL) and microwave irradiated for 5 min at 90, 100, 110, 120 or 
130 °C. The resulting resin plugs were removed from solution with tweezers and 
measured with the digital calliper, washed with DCM (7 x 30 mL) and allowed to 
dry for 24 h at 50 °C in a vacuum oven. 
1uWT(°C) 90 100 110 120 130 NopW 
Length(mm) 10.15 10.42 10.69 11.14 11.16 9.52(dry) 9.55 
starting (DMF) 
plugs 
Diameter (mm) 7.94 8.20 8.40 8.83 9.07 7.50 (dry) 7.63 
starting (DMF) 
plugs 
Volume increase 19 31 41 62 71 / 4 
(%) 
Table 6.1: Volume increase of Merrffield resin s-plugs 
at various microwave temperatures. 
Swelling experiments on PE matrix s-plugs and Merrifield resin s-plugs in 
different solvents: 
8 PE matrix s-plugs and 8 s-plugs (30% microporous Merrifield resin) were 
measured with a digital calliper. They were introduced into 14 reaction vessels with 
the desired solvent (NMP, DMSO, DMF, dioxane, THF, acetone, DCM or MeCN, 2 
mL) and left at room temperature for 30 mm. They were measured "wet" and 
microwave irradiated for 10 min at 100 °C. The resulting plugs were removed from 
solvent, measured again and washed with DCM (7 x 30 mL). The resulting plugs 
were dried in a vacuum oven at 50 °C for 10 days and measured again. All data are 
gathered in Table 2.2 (Section H.2.a). 
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Swelling experiments on a Merrifield resin s-plug upon recycling: 
1 s-plug (30% microporous Merrifield resin) underwent 7 times the 
swelling/irradiation/drying process from the previous experiment. 
Stage Cycle 1 2 3 4 5 6 7 
L (mm) 9.75 10.42 10.58 10.51 10.69 10.36 10.60 




Start 22 28 27 26 27 29 
(%) 
L (mm) 10.42 10.67 10.78 10.65 10.80 10.76 10.78 




28 35 35 35 37 37 37 
(%) 
L(mm) 10.87 10.90 10.72 10.96 10.81 10.78 10.90 
D (mm) 8.60 8.64 8.62 8.62 8.69 8.70 8.64 
/LW 
Volume increase 
38 40 37 40 40 40 40 
(%) 
Table 6.3: Volume increase of a Merrifield s-plug upon recycling. 
Microwave experiments on various AMS plugs at diverse temperatures: 
2 s-plugs (30% microporous AMS resin), 2 s-plugs (30% macroporous AMS resin), 
2 s-plugs (40% microporous AMS resin) and 1 m-plug (30% microporous AMS 
resin) were measured, introduced into 7 reaction vessels with either DMF (2 mL) or 
DMF / H20 (2 mL / 0.75 rnL) and left at room temperature for 30 mini They were 
measured and microwave irradiated for 10 min at the desired temperature between 
100 to 160 °C. The resulting resin plugs were removed from solvent with tweezers, 
measured again and reintroduced in the reaction vessel for microwave irradiation at 
the next temperature. After the last irradiation, they were removed from solvent, 
measured again, washed thoroughly with DCM (7 x 30 mL) and dried in a vacuum 
oven at 40 °C for 2 days. 
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uWT(°C) 100 110 120 130 140 150 160 NouW,RT 
9.18 9.46 
L (mm) 10.06 10.33 10.69 11.00 Burst Burst Burst 
30% (dry) (wet) 
pP 7.29 7.54 
D (mm) 8.10 8.31 8.53 9.95 Burst Burst Burst 
AMS (dry) (wet) 
s- Volume 
plug increase 35 46 59 123 / / I Start 10 
(%) 
9.32 9.50 
L (mm) 9.57 9.70 9.88 10.87 Burst Burst Burst 
30% (dry) (wet) 
MP 7.36 7.50 
D (mm) 7.61 7.68 7.81 9.70 Burst Burst Burst 
AMS (dry) (wet) 
5- Volume 
plug increase 10 13 19 103 I I / Start 6 
(%) 
9.21 10.22 
L(mm) 10.83 11.23 11.41 11.41 11.77 12.00 12.38 
40% (dry) (wet) 
pP 7.39 8.28 
D (mm) 8.96 9.12 9.16 9.16 9.18 9.21 9.79 
AMS (thy). (wet) 
5- Volume 
plug increase 73 86 90 90 97 102 136 Start 39 
(%) 
Table 6.4: Volume increase of AMS s-plugs with various resins at different 
microwave temperatures in DMF. 
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pWT(°C) 100 110 120 130. 140 150 160 1 NopW,RT 
9.21 9.21 
L (mm) 9.27 9.27 9.32 9.41 9.45 9.57 9.72 
30% (dry) (wet) 
uP 7.30 7.30 
D (mm) 7.34 7.35 7.39 7.47 7.54 7.81 7.93 
AMS (dry) (wet) 
s- Volume 
plug increase 2 2 4 7 9 19 25 Start 0 
(%) 
9.27 9.39 
L (mm) 9.59 9.59 9.63 9.72 9.93 10.58 10.72 
30% (dry) (wet) 
MP 7.36 7.45 
D (mm) 7.57 7.61 7.63 7.68 7.90 8.76 9.18 
AMS (dry) (wet) 
s- Volume 
plug increase 9 11 12 14 23 62 80 Start 4 
(%) 
9.28 9.30 
L (mm) 9.30 9.32 9.43 9.73 9.86 10.18 10.24 
40% (dry) (wet) 
pP 7.43 7.44 
D (mm) 7.45 7.45 7.52 7.72 7.97 8.89 9.25 
AMS (dry) (wet) 
s- Volume 
plug increase 1 1 4 13' 22 57 71 Start 0 
(%) 
17.15 17.17 
L(nim) / / 17.26 17.35 17.44 17.67 17.67 
30% (dry) (wet) 
pP 5.47 5.47 
D (mm) / / 5.50 5.54 5.65 5.70 5.74 
AMS ' (dry) (wet) 
m- Volume 
plug. increase / I. 2 4 8 12 13 Start 0 
(%) 
Table 6.5: Volume increase of AMS plugs with various resins at 
different microwave temperatures in DMF : H20. 
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Swelling experiments on resin rn-plugs with or without transponders: 
9 microporous resin rn-plugs (3 different kinds of resin, CMS, Wang linker and Rink 
linker, x 3 different percentages of resin, 20, 30 and 40%) were measured, placed in 
9 reaction vessels with the desired solvent (DCM or DMF, 2 mL) and left at room 
temperature for 30 mm. They were measured and microwave irradiated for 10 mm, at 
70 °C with DCM or at 100 °C with DMF. The resulting plugs were removed from 
solvent, measured and washed with DCM (7 x 30 mL). The resulting plugs were 
dried in the vacuum oven at 50 °C for 7 days and measured again. The same 
procedure was followed using 9 rn-plugs with a transponder inserted in their hole. 
Resin 
1UPCMS uP Wang uPRink 
type 
Stage %resin 20 30 40 20 30 40 20 30 40 
L(mm)' 17.60 1744 17.53 17.60 17.44 17.53 16.90 16.86 16.59 
Start 
D (mm) 5.56 5.56 5.58 5.56 5.52 5.56 5.52 5.47 5.47 
L(mm) 18.34 19.09 19.99 18.36 18.81 19.20 18.12 18.21 18.43 
D (mm) 5.95 6.33 6.57 5.92 6.04 6.31 5.88 6.10 6.12 
RT Volume 
increase 24 45 62 18 29 41 22 34 39 
(%) 
L (mm) 18.75 19.60 20.34 18.59 19.22' 19.69 18.34 18.63 18.77 
D (mm) 6.26 6.42 6.69 6.10 6.28 6.44 6.06 6.17 6.30 
pW Volume 
increase 40 53 70 27 43 51 31 41 50 
(%) 
L(mm) 17.44 17.67 17.92 17.60 17.69 17.80 17.19 17.19 17.06 
D (mm) 5.74 5.83 5.83 5.70 5.72 5.77 5.61 5.63 5.63 
Dried Volume 
increase 10 14 14 5 9 9 5 8 9 
(%) 
Table 6.6: Volume increase of rn-plugs with various types and percentages 
of resins in DCM (uW T of 70 °C), without transponder inserted. 
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Resin 
pPCMS 1uP Wang pP Rink 
type 
Stage % resin 20 30 40 20 30 40 20 30 40 
L (mm) 17.01 17.33 17.29 17.55 17.33 16.86 17.02 17.01 16.00 
Start 
D (mm) 5.54 5.56 5.54 5.54 5.56 5.58 5.49 5.47 5.47 
L(mm) 17.53 18.23 18.73 18.25 18.68 18.93 17.44 17.89 17.29 
D (mm) 5.72 5.90 6.10 5.90 6.08 6.40 5.70 5.85 6.01 
RT Volume 
increase 10 18 31 18 29 48 10 20 30 
L(mm) 18.12 19.13 19.67 18.88 19.54 19.99 18.03 18.52 17.80 
D(mm) 5.92 6.19 6.42 6.21 6.35 6.73 5.86 6.08 6.19 
pW Volume 
increase 22 37 53 35 47 72 21 35 42 
(%) 
L (mm) 17.35 18.00 18.14 18.18 18.33 18.73 17.37 17.37 16.61 
D (mm) 5.70 5.83 5.88 5.83 5.94 6.19 5.63 5.67 5.67 
Dried Volume 
increase 8 14 18 15 21 37 7 10 12 
(%) 
Table 6.7: Volume increase of m-plugs in DMF (uW T of 100 °C), without transponder. 
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Resin 
pP CMS pP Wang pP Rink 
type 
Stage % resin 20 30 40 20 30 40 20 30 40 





















L(mm) 17.67 18.16 18.66 18.25 19.08 19.22 17.58 17.94 18.10 
D (mm) 5.77 6.04 6.19 5.97 6.19 6.42 5.85 5.95 6.06 
RT Volume 
increase 11 20 29 17 36 39 12 22 29 
(%) 
L (mm) 18.23 18.84 19.31 18.84 19.45 20.03 17.82 18.34 18.46 
D (mm) 5.95 6.37 6.55 6.26 6.42 6.64 5.97 6.08 6.22 
,uW Volume 
increase 21 38 49 32 50 55 19 30 38 
(%) 
L(mm) 17.89 18.18 18.28 18.18 18.73 19.09 17.37 17.65 17.71 
D(mm) 5.77 6.15 6.26 6.01 6.22 6.35 5.79 5.79 5.85 
Dried Volume 
increase 12 25 29 18 35 35 9 13 17 
(%) 
Table 6.8: Volume increase of transponder-equipped rn-plugs in DMF (uW T of 100 °C). 
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V1.2.b Bead Distribution 
Synthesis of Dansyl-derivatised AMS resin plugs (9): 
00 
9 
To a solution of 5-dimethylamino-1-naphthalenésulfonyl chloride 8 (89 mg, 0.33 
mmol, 2.0 eq) and TEA (46 pL, 0.33 mmol, 2.0 eq) in DMF (3 mL) was added an 
aminomethyl resin s-plug (0.165 mmol). The plug was microwave irradiated for 5 
min at 100 °C. The resulting dansyl-loaded resin s-plug was removed from solution 
and washed successively with DMF (7 x 30 mL), DCM (7 x 30 mL), MeOH (7 x 30 
mL) and Et20 (7 x 30 mL), and dried in the vacuum oven at 50 °C for 48 h. After 
slicing the resin s-plug 9, microscope images were taken (Section II.2.b). 
Raman microscopy analysis of a Merrifield resin s-plug: 
Two-dimensional mapping of a resin s-plug was conducted on a Raman microscope. 
Individual Raman spectra were collected from a dry slice of a Merrifield resin s-plug 
on a Renishaw Raman imaging microscope 2000 system, using the continuous 
extended grating mode (x5 objective, 10 s exposure, 2 accumulations). The mapping 
was made by scanning an area of 4000 pm x 4000 pm (a quarter of the Merrifield 
resin s-plug slice) in 100 pm steps and recording a Raman spectrum at each point 
between 3100 cm' and 900 cm' to allow both the HDPE reference peak (2883 cm) 
and the PS reference peak (1002 cm') to be observed. The map was created using 
the mapping program supplied with WiRE (Windows-based Raman environment) 
program from Renishaw (Section ll.2.b). 
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VI.3 Experimental for Chapter III 
VL3.a Preparation of Phosphinated s-Plug-bound Pd Catalysts (29) 164  
PPIug 
29 
15 Merrifield resin s-plugs (80 pmollplug, 1.2 mmol) were suspended in dry THF (30 
mL). To this suspension was added a 0.5M solution of LiPPh2 in THF (12.0 mL, 6.0 
mmol, 5.0 eq). The suspension was gently stirred under N 2 for 24 h. Acetone/H20 
(3:1, 50 mL) was added and the s-plugs recovered by filtration were successively 
washed with acetonefH 20 (2 x 100 mL), acetone (2 x 100 mL), CHC13 (2 x 100 mL), 
benzene (2 x 100 mL) and Et20 (2 x 100 mL). 31P NMR (D20, 162 MHz): -9.9. 
The plugs were then suspended in benzene (25 mL) and Pd(PPh 3)4 (1.4 g, 1.2 mmol) 
was added. The mixture was heated at reflux under N 2 for 24 h. After filtration, the 
plugs were successively washed with EtOH (3 x 100 mL), Et 20 (3 x 100 mL) and 
dried to give 15 grey Pd plugs. 31 P NMR (D20, 162 MHz): +29.7. 
VI.3.b Preparation of Plug-bound Tridentate Pd Catalysts (40) and (42) 





To an ice-cold solution of 5-hydroxyisophthalic acid 31 (10.00 g, .54.9 mmol) in 
methanol (150 mL) was added dropwise thionyl chlOride (12.0 mL, 164.7 mmol, 3.0 
120 
eq). 5 The reaction mixture was stirred overnight at room temperature and the solvent 
was removed under reduced pressure to yield an off-white solid 32 upon drying 
under high vacuum (11.48 g, 100%). Rf (Hexane/EtOAc 1/1): 0.7; mp: 161-163 °C 
(lit. 279 162-164 °C); JR (neat): v 3354 (s, -0-H), 1699 (s, C=0), 1242 (s, -C-0); 
'H NMR (CDC13, 300 MHz): 41 8.26 (s, 1H, Ar4CH), 7.78 (s, 2H, Ar2CH+ Ar6CH), 
3.95 (s, 6H, OCH3); 13C NMR (CDC13, 75 MHz): & 166.4 (C=0), 156.2 (Ar'C), 
132.0 (Ar3 C + Ar5 C), 123.1 (Ar4CH), 121.0 (Ar 2CH + 6 f{) 52.7 (OCH3); MS 
(El): mlz (%) 210 ([M], 52), 179 ([M-0Me]', 100), 151 ([M-0O2Me]', 25), 136 
([M-0O2Me-Me], 18), 92 ([M-2CO2Me] 3 , 6). 
Synthesis of 3.5-bis-(methoxycarbonyl)phenoxy-tert-butyldimethylsilane (33):' 69 
MeO2C 	
11  ,Si ,,,, 0-o  
MeO2C 
33 
Using a procedure by van Veggel,' 69 TBDMSC1 (12.35 g, 81.9 mmol, 1.5 eu) was 
dissolved in DCM (35 ml) and added dropwise to a stirred, ice-cold solution of 32 
(11.48 g, 54.6 mmol), TEA (9.90 mL, 71.0 mmol, 1.3 eq) and DMAP (0.067 g, 0.55 
mmol, 0.01 eq) in DCM (115 mL). 5 After stirring for 48 h at room temperature, the 
mixture was diluted with DCM (150 mL) and washed with a 2M HC1 solution in 
water (100 mL), a saturated solution of NaHCO3 in water (100 mL) and brine (150 
mL). The organic phase was dried over MgSO4, filtered and concentrated under 
reduced pressure. Upon drying under high vacuum the title compound 33 was 
afforded as a white solid (17.64 g, 100%). Rf (Hexane/EtOAc 1/1): 0.9; mp: 65-67 
°C (lit.' 69 68-70 °C); JR (neat): Vm 1718 (s, C=0), 1232 (s, -C-0), 1023(s, Si-0), 
833 (s, Si-C); 'H NMR (CDC13, 300 MHz): & 8.29 (s, 1H, Ar 4CH), 7.67 (s, 2H, 
Ar2CH + Ar6CII), 3.93 (s, 6H, OCH3), 0.99 (s,9H, C(CH3)3), 0.23 (s, 6H, SiCH3); 
13C NMR (CDC13 , 75 MHz): & 166.3 (C=0), 156.0 (Ar'C), 131.9 (Ar3C + Ar5C), 
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125.5 (Ar2CH + Ar6CH), 123.8 (Ar4CH), 52.5 (OCH3), 25.7 (C(CH3)3), 18.3 
(C(CH3)3), -4.3 (SiCH); MS (El): mlz (%) 324 ([M], 7), 293 ([M-OMe], 9), 267 
([M-'Bu], 100), 235 ([M-OMe-'Bu], 49),207 ([M-0O2Me-'Bu], 17). 
Synthesis of 3,5-bis-(hydroxymethyl)phenoxy-tert-butyldimethylsilane (34):' 69 






To an ice cold, stirred, 1M solution of LiA1H 4 in THF (109 mL, 108.8 mmol, 2.0 eq) 
was added dropwise a solution of diester 33 (17.64 g, 54.4 mmol) in dry THF (100 
mL). The reaction mixture was stirred for 5 h at room temperature under a nitrogen 
atmosphere. It was cooled to 0 °C, quenched by careful addition of 2M HC1 and 
diluted with DCM (200 mL). The phases were separated and the aqueous phase was 
extracted with DCM (3 x 100 mL). The combined organic phases were dried over 
MgSO4, filtered and concentrated under reduced pressure. Upon drying under high 
vacuum the title compound 34 was afforded as a white solid (10.52 g, 72%). Rf 
(Hexane/EtOAc 1/1): 0.4; mp: 96-98 °C (lit.' 69 99-100 °C); IR (neat): Vmax 3256 (s, - 
0-11), 1056 (s, Si-O), 833 (s, Si-C); 1 H NMR (CDC13, 300 MHz): 9ji 6.93 (s, 1H, 
Ar4CII), 675 (s, 2H, Ar2CH+ Ar6CH), 4.61 (d, 4H, J= 6 Hz, CH20), 1.97 (t, 2H, J 
= 6 Hz, OH), 0.98 (s, 9H, C(CH3)3), 0.19 (s, 6H, SiCH3); 13C NMR (CDC13, 75 
MHz): & 156.2 (Ar'C), 142.9 (Ar3 C+Ar5 C), 118.3 (Ar4CH), 117.8 (A?CH + 
6cH) 65.2 (CH20), 25.8 (C(CH3)3), 18.3 (C(CH3)3), -4.2 (SiCH3); MS (El): m/z 
(%) 268 ([M], 29), 211 ([M-'Bu]', 55), 193 ([M-'Bu-OH], 100), 137 ([M-
OTBDMS], 6),75 ([M-OTBDMS-2CH20H], 26). 
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Synthesis of 3.5-bis-(bromomethy)phenoxy-tert-butyldimethylsilane (35):1 68 
Using a procedure by McNamara' 68 
Br—' 
/=\ ,S >1- 0 
Br 
35 
To an ice-cold, stirred solution of diol 34 (4.82 g, 18.0 mmol) in thy DCM (50 mL) 
were added portionwise triphenyiphosphine (11.33 g, 43.2 mmoi, 2.4 eq) and carbon 
tetrabromide (14.33 g, 43.2 mmol, 2.4 eq). The reaction mixture was stirred 
overnight at room temperature and was concentrated under reduced pressure. The 
residue was purified by column chromatography on silica gel (Hexane/EtOAc 100/0 
then 80/20 and 50150) to yield a white solid 35 (6.20 g, 87%). Rf (Hexane/EtOAc 
1/1): 0.9; mp: 41-43 °C; IR (neat): v 1026 (s, Si-O), 833 (s, Si-C), 695 (s, C-Br); 
'H NMR (CDC1 3 , 300 MHz): 1511 7.00 (s, 1H, Ar4CH), 6.80 (s, 2H, Ar2CH+ Ar6CII), 
4.41 (s, 4H, CH2Br), 0.99 (s, 9H, C(CH3)3), 0.21 (s, 6H, SiCH3); 13C NMR (CDC1 3 , 
75 MHz): 6c 156.2 (Ar'C), 139.7 (Ar 3 C + Ar5C), 122.6 (Ar4CH), 120.9 (Ar2CH ± 
6cH) 32.9 (CH2Br), 25.8 (C(CH3)3), 18.3 (C(CH3)3), -4.3 (SiCH3); MS (El): m/z 
(%) 394 ([M(81 Br+79Br)], 13),339 ([M( 81 Br)-'Bu], 53), 337 ([M(81 Br+79Br)-'Bu], 
100), 335 ([M( 79Br)-'Bu] 4 , 48), 315 ([J4(8  'Br+79Br)-79Br], 14), 313 ([M(8  'Br+79Br)-
81 Br]• 13), 258 ([M(8 'Br+79Br)- 79Br-'Bu], 31), 256 ([M(8 'Br+79Br)-8 ' Br-'Bu] + , 30), 
149 ([M(81 Br+79Br)-81 Br-79Br], 22); HRMS (El): calcd for C 14H2279Br2OSi 
[M(79Br)] 391.9807, found 391.9789. 
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Synthesis of 3,5-bis-(phenylsulfanylmethyl)phenol (36): 169 
Using a procedure by van Veggel 169 
Q 
s3D/  --OH 
 
0 36 
To a stirred solution of 35 (6.20 g, 15.7 mmol) in DMF (50 mL) were added cesium 
carbonate (12.82 g, 39.3 mmol, 2.5 eq) and thiOphenol (3.56 mL, 34.6 mmol, 2.2 eq) 
and the resulting mixture was stirred overnight at room temperature. TLC showed 
incomplete conversion so the reaction mixture was heated at 70 °C for 2 h. More 
cesium carbonate (2.56 g, 7.9 mmol, 0.5 eq) and thiophenol (0.81 mL, 7.9 mmol, 0.5 
eq) were added and the resulting mixture was stirred and heated for another 2 h. 
Upon cooling to room temperature, KF (0.912 g, 15.7 mmol, 1.0 cci) was added and 
the resulting mixture was stirred overnight. It was diluted in DCM (250 mL) and 
washed with 1M HC1 (pH 7). The aqueous phase was extracted with DCM (3 x 100 
mL). The combined organic phases were dried over MgSO4, filtered and 
concentrated under reduced pressure. The residue was purified by column 
chromatography on silica gel (HexanefEtOAc 90/10) to yield a yellowish oil 36 (3.42 
g, 64%). Rf (Hexane/EtOAc 1/1): 0.8; IR (neat): v ma., 3354 (s, -0-H), 1594, 736, 688 
(s, C-S); 'H NMR (CDC13, 300 M}Iz): 7.29-7.16 (m, 101-1, SC6H5), 6.80 (s, 1H, 
Ar4CII), 6.65 (s, 2H, Ar2CH+ Ar6CH), 5.22 (s, 1H, OH), 4.00 (s, 4H, CH2SPh); 13C 
NMR (CDC13, 75 MHz): &2 155.8 (Ar'C), 139.5 (Ar3 C + Ar5 C), 136.2 (2C, SAr'C), 
129.8 (4C, SAr3 'CH), 129.0 (4C, SAr2'CH), 126.5 (2C, SAr4'CH), 121.9 (Ar4CH), 
114.7 (Ar2CH + Ar6CH), 38.7 (CH2SPh); MS (El): mlz (%) 338 ([M], 100), 229 
([M-SPh], 73). 
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Synthesis of ethyl 3.5-bis-(phenvlsulfanvlmethyl)phenoxvãcetate (37): 280 
Using a procedure by McNamara' 68 
Q s— 	0 
- 
s> \/0 0_\ 
0 37 
To a solution of phenol 36 (3.42 g, 10.1 mmol) in acetonitrile (50 mL) were added 
potassium carbonate (1.82 g, 13.1 mmol, 1.3 eq), potassium iodide (0.168 g, 1.01 
mmol, 0.1 eq) and ethyl bromoacetate (1.12 mL, 13.1 mmol, 1.3 eq). The resulting 
mixture was refluxed overnight. After cooling, the reaction mixture was filtered, the 
solid was washed with DCM and the filtrate was concentrated under reduced 
pressure. The residue was purified by column chromatography on silica gel 
(Hexane/EtOAc 100/0 then 95/5 and 90/10) to yield a colourless oil 37 (3.74 g, 
87%). Rf (Hexane/EtOAc 1/1): 0.9; IR (neat): vma., 1756 (s, C=O), 1205, 1164 (s, -C-
0), 737, 689 (s, C-S); 'H NMR (CDC13, 300 MHz): 8H  7.29-7.16 (m, 1OH, SC6H5), 
6.87 (s, 'lH, Ar4CH), 6.72 (s, 2H, Ar2CH + Ar6CH), 451 (s, 2H, OCH2CO2Et), 4.24 
(q, 2H, J = 7 Hz, OCH2CH3), 4.02 (s, 4H, CH2SPh), 1.28 (t, 3H, J = 7 Hz, 
OCH2CH3); 13C NMR (CDC13, 75 MHz): & 168.8 (CH2CO2Et), 158.0 (Ar'C), 139.4 
(Ar3 C + Ar5 C), 136.1 (2C, SAr"C), 130.0 (4C, SAr 3 'CH), 128.9 (4C, SAr2'CH), 
126.5 (2C, SAr4'CH), 122.8 (Ar4CH), 114.0 (6 2c4 + Ar6CH), 65.4 (OCH2CO2Et), 
61.4 (OCH2CH3), 38.9 (CH2SPh), 14.3 (OCH2 CH3); MS (El): mlz (%) 424 ([M]', 
100), 315 ([M-SPh], 64), 211 ([M-SPh-OCH2CO2Et] ', 69); HRMS (El): calcd for 
C24H2403S2 [M] 424.1167, found 424.1170. 
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Synthesis of 3.5-bis-(phenylsulfanylmethyl)phenoxyacetic acid (38):280 
Using a procedure by McNamara' 68 





To a solution of ester 37 (3.71 g, 8.7 mmol) in THFIH20 4/1 (25 mL) was added 
LiOH.H20 (0.550 mg, 13.1 mmol, 1.5 eq) and the reaction mixture was stirred at 
room temperature overnight. THF was removed under reduced pressure and the 
mixture was acidified with 2M HC1. The resulting precipitate was filtered off, 
washed with 2M HC1 and dried under high vacuum to afford an off-white solid 38 
(3.30 g, 95%). Rf (EtOAc): 0.1; mp: 93-95 °C; IR (neat): v 1744 (s, C=O), 1261, 
1175 (s, -C-O), 739, 688 (s, C-S); 'H NMR (CD30D, 300 MHz): & 7.28-7.14 (m, 
1OH, SC6H5), 6.85 (s, 1H, Ar4CH), 6.69 (s, 2H, Ar2CH + Ar6CH), 4.47 (s, 2H, 
OCH2CO2H), 4.00 (s, 4H, CH2SPh); ' 3C NMR (CD30D, 75 MHz): 9C 172.8 
(CH2CO2H), 159.4 (Ar'C), 140.9 (Ar3 C + Ar5C), 137.4 (2C, SAr"C), 131.2 (4C, 
SAr3 'CH), 129.9 (4C, SAr2 'CH), 127.4 (2C, SAr 4'CH), 123.7 (Ar4CH), 114.9 (A?CH 
+ Ar6CH), 66.0 (OCH 2CO2H), 39.4 (CH2SPh); MS (ES): m/z (%) 791.3 ([2M-H] -, 
3), 395.1 (EM-Hf, 58); MS (ES): mlz (%) 435.1 ([M+K], 13), 419.1 ([M+Na] 1 , 
100); HRMS (ES): calcd for C22H2003S2 [M+Na] 419.0746, found 419.0739. 
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Synthesis of s-plug-bound tridentate SCS Pd catalyst (40): 





Tridentate ligand 38 (0.491 g, 1.24 mmol, 1.5 eq) and HOBt (0.190 g, 1.24 mmol, 
1.5 eq) in DCM (7.5 mL) was stirred at room temperature for 10 mm. DIC (194 pL, 
1.24 mmol, 1.5 eq) was added and the mixture stirred for a further 10 min before 
addition of 5 aminomethyl PS resin s-plugs (0.825 mmol, 0.165 mmollplug). The s-
plugs were shaken overnight at room temperature to effect coupling. They were 
removed from solution with tweezers and washed twice with DCM (10 x 6 niL) and 
Et20 (10 x 6 mL). The resulting plugs 39 were dried in the vacuum oven at 40 °C for 
2 weeks. A qualitative ninhydrin test proved negative. 
Pd loading: 
A suspension of PdC12 (4.8 mg, 0.027 mmol, 0.03 eq) in acetonitrile (7.5 mL) was 
refluxed until dissolution. AgBF4 (10.5 mg, 0.054 mmol, 0.06 eq) was added andthe 
reaction mixture was refluxed for 2 h. The resulting precipitate was filtered off and 
washed with acetonitrile. 5 s-plug-bound ligands 39 were added to the filtrate and the 
reaction mixture was refluxed overnight under magnetic stirring. The resulting grey 
plugs were removed from solution with tweezers, washed successively with MeCN 
(10 x 6 mL), DCM (10 x 6 mL) and Et20 (10 x 6 mL). They were added to a mixture 
of brine/MeCNIDCM 6/3/1 (10 mL) and shaken overnight at room temperature. The 
resulting pale grey plugs were removed from solution, washed with MeCN (10 x 6 
mL), DCM (10 x 6 mL), Et20 (10 x 6 mL) and dried in the vacuum oven at 40 °C for 
4 weeks to give palladium plugs 40. Pd analysis: 0.25% of Pd found. 
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Phenol ligand 36 (0.610 g, 1.80 mmol, 1.2 eq) and Cs2CO3 (0.733 g, 2.25 mmol, 1.5 
eq) in DMF (15 mL) was stirred at room temperature for 10 mm. 10 
chloromethylstyrene resin s-plugs (1.50 mmol, 0.150 mmol/plug) and K1 (25 mg, 
0.15 mmol, 0.1 eq) were added and the mixture was stirred and heated at 50 °C 
overnight. The plugs were removed from solution with tweezers and washed twice 
with the following sequence: DMF (5 x 30 mL), DCM (5 x 30 mL) and Et20 (5 x 30 
mL). The resulting plugs 41 were dried in the vacuum oven at 40 °C for 1 week. 
Pd loading: 
Pd-loaded plugs 42 were prepared in a similar fashion to that described previously 
for Pd-loaded plugs 40, using 10 plugs 41, PdC1 2 (7.5 mg, 0.042 mmol, 0.03 eq) and 
AgBF4 (16.5 mg, 0.084 mmol, 0.06 eq) in acetonitrile (10 mL). Pd analysis: 0.17% 
of Pd found. 
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VI.3.c General procedure for the preparation of cross-linked PS resin s-
and rn-plugs-captured Pd (46) 10  
Adapting a procedure by Cho' 7° 
Pd loading to give PS resin plucs-captured Pd 44• 
H 2  N 
Iug 
44 
To a suspension of Pd(OAc) 2 in 1,4-dioxane (50 mL) were added aminomethyl PS 
resin plugs 43 and the reaction mixture was stirred for 10 min at 80 °C then 6 h at 
room temperature. The resulting brown plugs 44 were removed from solution with 
tweezers, washed successively with 1 ,4-dioxane (5 x 30 mL), DCM (5 x 30 mL) and 
Et20(5x30 mL). 




The Pd-loaded plugs 44 were added to a 10% hydrazine hydrate solution in 1,4-
dioxane (30 mL). After 1 h at room temperature under magnetic stirring, the resulting 
black plugs 45 were removed from solution and washed successively with 1,4-
dioxane (5 x 30 mL), DCM (5 x 30 mL) and Et20 (5 x 30 mL). 
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Resin cross-linking to give cross-linked PS resin plugs-captured Pd ° 46: 
HN 
0 	;i I 
46 
The trapped Pd°-plugs 45 were treated with a solution of TEA and succinyl chloride 
in dry DCM (50 mL) and the reaction mixture was stirred for 4 h at room 
temperature. The resulting black plugs were removed from solution and washed 
successively with DCM (5 x 30 mL), Et20 (5 x 30 mL) and 1,4-dioxane (5 x 30 mL). 
They were subjected to Soxhiet extraction in 1 ,4-dioxane for 48 h, washed with Et 20 
(5 x 30 mL) and dried in the vacuum oven at 40 °C for 4 weeks to give XL-Pd s- and 
m-plugs 46. Pd analysis of the various batches of XL-Pd plugs was performed (see 
Table 3.6 in Section III.2.c). 
VI.4 Experimental for Chapter IV 
VI.4.a Use of Pd Plugs in Conventionally Heated Coupling Reactions 
Recycle test of Pd s-plugs (29) and (46) in Suzuki-Miyaura reactions: 
Synthesis of 4-nitrobiphenyl 58c28 ' 
O—aNO2  
58c 
To a solution of 4-nitro bromobenzene (202 mg, 1.0 mmol) in DMF (4 mL) were 
added benzene boronic acid (183 mg, 1.5 mmol, 1.5 eq), K 2CO3 (415 mg, 3.0 mmol, 
3.0 eu) and 1 Pd s-plug catalyst 29 or 46 (98 pmol, 9.8 mol %). The reaction mixture 
was heated at 80 °C and stirred for 48 h. The Pd plug was removed from solution 
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with tweezers, washed with DCM (10 x 6 mL) and dried in the vacuum oven at 40 
°C for 48 h. The reaction mixture was diluted in DCM (100 mL) and washed with 
1M HC1 (pH 7). The aqueous phase was extracted with DCM (3 x 50 mL). The 
combined organic phases were dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by column chromatography on silica gel 
(Hexane) to yield a pale yellow solid 58c. The reaction was repeated with the same 
Pd plug for 4 runs, affording solid 58c [190 mg, 95% (1St  use of 29), 191 mg, 96% 
(2 d  use), 162 mg, 81% (3rd  use), 193 mg, 97% (4th  use); 183 mg, 92% (1St  use of 46), 
192 mg, 96% (2nd  use), 174 mg, 87% (31  use), 184 mg, 92% (4th  use);]. Analytical 
data for 58c were found to be in good agreement with the literature values and are 
reported in Section VI.4.b. 
Recycle test of Pd s-plug (46) in Sonogashira-Hagihara reactions: 
Synthesis of 1 -nitro-4-(phenylethynyl)benzene 59c 282 
0----~ NO2  
59c 
To a solution of 4-nitro bromobenzene (202 mg, 1.0 mmol) in DMF (4 mL) were 
added phenyl acetylene (165 pL, 1.5 mrnol, 1.5 eq), K2CO3 (415 mg, 3.0 mmol, 3.0 
eq) and 1 XL-Pd s-plug catalyst 46 (98 pmol, 9.8 mol %). The reaction mixture was 
heated at 80 °C and stirred for 48 h. The Pd plug was removed from solution, washed 
with DCM (10 x 6 mL) and dried in the vacuum oven at 40 °C for 48 h. The reaction 
mixture was diluted in DCM (100 mL) and washed with 1M HC1 (pH 7). The 
aqueous phase was extracted with DCM (3 x 50 mL). The cOmbined organic phases 
were dried over Mg504, filtered and concentrated under reduced pressure. The 
residue was purified by column chromatography on silica gel (Hexane) to yield a 
bright yellow solid 59c. The reaction was repeated with the same XL-Pd s-plug 46 
for 4 runs, affording solid 59c [162 mg, 73% (1St  use of 46), 165 mg, 74% (2'' use), 
163 mg, 73% (31d  use), 161 mg, 72% (41h  use)]. Analytical data for 59c were found to 
be in good agreement with the literature values and are reported in Section YI.4.b. 
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Recycle test of Pd s-plug (46) in Heck-Mizoroki reactions: 
Synthesis of 1 ,2-diphenylethene 60e233 
60e 
To a solution of iodobenzene (112 pL, 1.0 mmol) in DMF (5 mL) were added styrene 
(172 pL, 1.5 mmol, 1.5 eq), K2CO3 (207 mg, 1.5 mmol, 1.5 cci) and 1 XL-Pd s-plug 
catalyst 46 (0.8 ,umol, 0.08 mol %). The reaction mixture was heated at 115 °C and 
stirred for 48 h. The Pd plug was removed from solution, washed with DCM (10 x 6 
mL) and dried in the vacuum oven at 40 °C for 48 h. The reaction mixture was 
diluted in DCM (100 mL) and washed with 1M HC1 (pH 7). The aqueous phase was 
extracted with DCM (3 x 50 mL). The combined organic phases were dried over 
MgSO4, filtered and concentrated under reduced pressure. The residue was purified 
by column chromatography on silica gel (Hexane, Hexane/EtOAc 95/5) to. yield an 
off-white solid 60e. The reaction was repeated with the same XL-Pd s-plug for 4 
runs, affording solid 60e [165 mg, 92% (1st  use of 46), 149 mg, 83% (2' use), 146 
mg, 81% (31d  use), 142 mg, 79% (4 01 use)]. Analytical data for 60e were found to be 
in good agreement with the literature values and are reported in Section VI.4.b; ICP-
AES analysis at 5th  run : 0.37 ppm of Pd. 
Use of low loadin2 tridentate Pd s-plugs (40). and (42) in Heck-Mizoroki 
reactions: 
Synthesis of 1 ,2-diphenylethene 60e233 
60e 
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Following the same method as above with XL-Pd s-plug 46, the reaction was 
performed on 7 and 5 mmol scales respectively to keep the level of Pd catalyst at 
0.08 mol %. The isolated yields achieved were 64% (806 mg) and 47% (427 mg) 
respectively. 
Use of XL-Pd s-plug (46) in Heck-Mizoroki reactions with a range of substrates: 
R_c ,_r  
To a solution of the aryl halide (1.0 mmol) in DMF (5 mL) were added the aryl 
alkene (1.5 mmol, 1.5 eq), K2CO3 (207 mg, 1.5 mmol, 1.5 cci) and 1 XL-Pd s-plug 
catalyst 46 (0.8 pmol, 0.08 mol %). The reaction mixture was heated at 115 °C and 
stirred for 48 h. The Pd plug was removed from solution, washed with DCM (10 x 6 
mL) and dried in the vacuum oven at 40 °C for 48 h. The reaction mixture was 
diluted in DCM (100 mL) and washed with 1M HC1 (pH 7). The aqueous phase was 
extracted with DCM (3 x 50 mL). The combined organic phases were dried over 
MgSO4, filtered and concentrated under reduced pressure. The residue was purified 
by column chromatography on silica gel (Hexane, Hexane/EtOAc 95/5) to yield 60a. 
Methoxy-4-[2-phenyl-1-ethenyllbenzene 60a (R = OMe, R' = Ph): 233 
Obtained as a white solid (for X = I: 191 mg, 91%, for X = Br: 8 mg, 4%). 
Analytical data for 60a were found to be in good agreement with the literature values 
and are reported in Section VI.4.b. 
Disubstituted alkenes 80-83 were prepared in a similar fashion, except that washings 
were effected with water and that purification was performed on silica gel 
(Hexane/EtOAc 97/3, then 90/10). 
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442-Phenyl- 1 -ethenylipyridine 80 (R = H, R' = Cjj): 283 
Obtained as a white solid (176 mg, 97%). mp: 127-129 °C (lit. 284 128-130°C);. IR 
(neat): v,, 3366 (w), 2634 (w), 1625 (s), 1589 (m), 1508 (m), 1451 (m), 1201 (m), 
978 (m), 809 (s), 758 (s); 'H NMR (CDC1 3 , 300 MHz): &H 8.54 (d, 2H, J = 4 Hz, 
A?'CII), 7.50 (m, 2H, Ar2 'CH), 7.38-7.28 (m, 5H, Ar2CH+ Ar3CH+ Ar4CH), 7.25 
(d, 1H, J = 16 Hz, CH=CH), 6.96 (d, 1H, J = 16 Hz, CH'=CH); 13C NMR (CDC13, 
75 MHz): &2 150.2 (Ar3 'CH), 144.6 (Ar"C), 136.2 (Ar'C), 133.2 (CH=CH), 128.9 
(Ar3 CH), 128.8 (Ar4C), 127.1 (Ar2CH), 126.0 (C'H=CH), 120.9 (Ar2'CH); MS (El): 
mlz (%) 181 ([M], 81),180 (100), 152 (31),89 (16). 
Methyl 3-14-methoxvphenvllpropenoate 81 (R = OMe, R' = CO2M): 285 
Obtained as a white solid (178 mg, 93%). mp: 87-88 °C (lit. 286 87-88 0C); IR (neat): 
Vmax 2949 (w), 1713 (s), 1637 (m), 1601 (m), 1574 (w), 1511 (rn), 1432 (m), 1287 (s), 
1255 (s), 1167 (s), 1025 (s), 1011(s), 983 (s), 837 (rn), 818 (s); 'H NMR (CDC13 , 
300 MHz): 8H  7.62 (d, 1H, J= 16 Hz, CH=CH), 7.43 (d, 2H, J= 9 Hz, Ar2CH), 6.86 
(d, 2H, J= 9 Hz, Ar3CH), 6.28 (d, 1H, J= 16 Hz, CH=CH), 3.78 (s, 3H, CH30), 3.76 
(s, 3H, CH30); 13C NMR (CDC13, 75 MHz): &c 167.7 (C=O), 161.4 (Ar4C), 144.5 
(CH=CH), 129.7 (Ar2CH), 127.1 (A?C), 115.3 (CH=CH), 114.3 (Ar3 CH), 55.3 
(OCH3), 51.5 (CO2 CH3); MS (El): m/z (%) 192 ([M], 72), 161 (100), 133 (36), 118 
(18), 102 (8),89 (31). 
tert-Butyl 3-[4-methoxyphenyllpropenoate 82 (R = OMe, R' = CO2ii1: 287 
Obtained as a yellow oil (151 rng, 79%). IR (neat): Vm 2977 (w), 1703 (rn), 1634 
(rn), 1605 (m), 1513 (rn), 1367 (w), 1289 (w), 1253 (rn), 1209 (w), 1146 (s), 1033 
(w), 982 (w), 875 (w), 828 (m); 'H NMR (CDC13, 300 MHz): Sj 7.53 (d, 1H, J = 16 
Hz, CH=CH), 7.42 (d, 2H, J= 9 Hz, Ar2CII), 6.85 (d, 2H, J= 9 Hz, Ar3CII), 6.23 (d, 
1H, J = 16 Hz, CH=CH), 3.77 (s, 3H, CH30), 1.52 (s, 9H, (CH3)3C0); 13C NMR 
(CDC13 , 75 MHz): & 166.6 (C=O), 161.2 (Ar4C, 143.2 (CH=CH), 129.5 (Ar2 CH), 
127.4 (Ar'C), 117.7 (CHCH), 114.3 (Ar 3 CH), 80.1 (OC(CH3)3), 55.3 (OCH3), 28.2 
(CH3); MS (El): m/z (%) 234 ([M], 6),178 (39), 161 (17), 133 (5), 118 (3), 89 (5). 
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4-[2-(4-Methoxyphenyl)-1-ethenyllpy4idine 83 (R = OMe, R' = Cffl: 288 
Obtained as a yellow solid (205 mg, 97%). mp: 133-135 °C (lit. 289 135-1360C); IR 
(neat): Vm 3023 (w), 2841 (w), 1601 (m), 1589 (s), 1512 (s), 1460 (w), 1414 (w), 
1313(w), 1284(m), 1261 (s), 1216(w), 1177(m), 1114(w), 1025 (m), 971 (m),834 
(s), 820 (m), 764 (w); 'H NMR (CDC1 3 , 300 MHz): & 8.53 (d, 211, J = 6 Hz, 
Ar3 'CH), 7.45 (d, 211, J= 9 Hz, Ar2CH), 7.30 (d, 211, J= 6 Hz, Ar2 'CIf), 7.22 (d, 1H, 
J = 16 Hz, CH=CH), 6.90 (d, 2H, J = 9 Hz, Ar3CH), 6.84 (d, 1H, J = 16 Hz, 
CH=CH), 3.81 (s, 3H, CH30); 13C NMR (CDC13, 75 MHz): &2 160.2 (Ar4C), 150.2 
(Ar3 'CH), 145.0 (Ar"C), 132.8 (C'H=CH), 129.0 (Ar'C), 128.5 (Ar 2 CH), 123.8 
(CH=CH), 120.7 (Ar2'CH), 114.4 (Ar3 CH), 55.4 (OCH3); MS (El): m/z (%) 211 
([M], 100), 196 (15), 180 (18), 152 (7), 89 (10). 
Use of XL-Pd s-plugs (46) in Suzuki-Miyaura reactions with a range of 
substrates: 
A Radleys Carousel tube was loaded with the aiyl iodide (1.0 mmol), phenylboronic 
acid (183 mg, 1.5 mmol, 1.5 eq), K2CO3 (207 mg, 1.5 mmol, 1.5 eq), followed by 1 
XL-Pd s-plug catalyst 46 (28 umol, 2.8 mol %). DMF (5 mL) was then added by 
micropipette. The reaction mixture was heated at 80 °C under magnetic stirring. The 
Pd plug was removed from solution, washed with DCM (10 x 6 mL) and dried in the 
vacuum oven at room temperature for 48 h. The reaction mixture was diluted in 
DCM (100 mL) and washed with 1M HCl (pH 7). The aqueous phase was extracted 
with DCM (3 x 50 mL). The combined organic phases were dried over MgSO4, 
filtered and concentrated under reduced pressure. The residue was purified by 
colunm chromatography on silica gel (Hexane, Hexane/EtOAc 95/05) to yield biaryls 
58a-e. Analytical data were found to be in good agreement with the literature values 
and are reported in Section VI.4.b. 
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4-Methoxybiphenyl 58a (R = OMe): 29° White solid (167 mg, 91%). 
4-(Trifluoromethyl)biphenyl 58b (R = CF: 28 ' White solid (180 mg, 8 1%). 
4-Nitrobiphenyl 58c (R = NO2): 28 ' Pale yellow solid (198 mg, 99%). 
4-Methylbiphenyl 58d (R = Me): 29 ' White solid (153 mg, 91%). 
Biphenyl 58e (R = 111: 29 ' White solid (133 mg, 86%). 
Use of XL-Pd s-plugs (46) in Sonogashira-Hagihara reactions with a range of 
substrates: 
Disubstituted alkynes 59a-e were prepared in a similar fashion, except that the 
coupling partner was phenyl acetylene (165 uL, 1.5 mmol, 1.5 eq). Analytical data 
were found to be in good agreement with the literature values and are reported in 
Section VI.4.b. 
1-Methoxy-4-[2-phenyl-1-ethynyllbenzene 59a (R = OMe): 292 
Off-white solid (160 mg, 77%). 
1 -(2-Phenyl- 1 -ethynyl)-4-(trifluoromethyl)benzene 59b (R =C2):292 
White solid (214 mg, 87%). 
1 -Nitro-442-phenyl- 1 -ethynyllbenzene 59c (R = NO2):282 
Bright yellow solid (205 mg, 92%). 
1-Methyl-4-[2-phenyl-1-ethynyllbenzene 59d (R = Me): 282 
White solid (169 mg, 88%). 
1,2-Diphenylethyne 59e (R = H): 282 
Off-white solid (151 mg, 85%). 
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Use of XL-Pd s-plugs (46) in Heck-Mizoroki reactions with a range of 
substrates: 
RC ° 
Disubstituted alkenes 60a-e were prepared in a similar fashion, except that: the 
coupling partner was styrene (172 pL, 1.5 mmol, 1.5 eq), the Pd catalyst was 1 XL-
Pd s-plug 46 (6 pmol, 0.6 mol %) and the temperature was 115°C. Analytical data 
were found to be in good agreement with the literature values and are reported in 
Section VI.4.b. 
1 -Methoxy-442-phenyl- 1 -ethenyllbenzene 60a (R = OMe): 233 
Off-white solid (191 mg, 91%). 
1 -(2-Phenyl- 1 -ethenyl)-4-(trifluoromethyl)benzene 60b (R = CF): 293 
White solid (235 mg, 95%). 
1-Nitro-4-[2-phenyl-1-ethenyllbenzene 60c (R = NO: 294 
Yellow solid (219 mg, 97%). 
1-Methyl-442-phenyl-1-ethenyllbenzene 60d (R = Me): 233 
Off-white solid (189 mg, 97%). 
1,2-Diphenylethene 60e (R = H): 233 
White solid (171 mg, 95%). 
Kinetics of Suzuki-Miyaura Sonogashira-Ha2ihara and Heck-Mizoroki 
reactions with iodobenzene using XL-Pd s-plugs (46) as catalysts: 
Cross-coupling reactions were performed in a similar fashion, with Suzuki and 
Sonogashira reactions heated at 80 °C and Heck reactions at 115 °C, except that the 
base was triethylamine (209 pL, 1.5 mmol, 1.5 eq) and the Pd catalyst was 1 XL-Pd 
s-plug 46 (0.8 pmol, 0.08 mol %) in theHeck reaction. Aliquots taken regularly from 
each reaction mixture were analysed by GC and kinetics results gathered (Table 6.9). 
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Suzuki Sonogashira Heck 
Time I-benzene Biphenyl I-benzene Diphenyl I-benzene Stilbene 
(mm) (%) (%) (%) ethyne (%) (%) (%) 
30 97.19 2.81 100 0 100 0 
60 96.84 3.16 100 0 100 0 
90 96.71 3.29 99.64 0.36 100 0 
120 94.67 5.33 99.53 0.47 100 0 
150 94.28 5.72 99.28 0.72 100 0 
180 92.55 7.45 99.00 1.00 82.73 17.27 
210 / / / / 79.05 20.95 
240 89.70 10.30 98.40 1.60 73.68 26.32 
270 / / / / 68.86 31.14 
300 83.59 16.41 97.86 2.14 64.53 35.47 
330 / / / / 59.69 40.31 
360 76.10 23.90 97.13 2.87 54.57 45.43 
390 / / / / 49.50 50.50 
420 67.03 32.97 96.45 3.55  
1440 24.73 75.27 62.12 37.88 32.44 67.56 
1500 24.12 75.88 60.68 39.32 31.01 68.99 
1560 23.74 76.26 58.58 41.42 31.00 69.00 
1620 21.94 78.06 57.38 42.62  
1680 21.54 78.46 56.21 43.79 30.78 69.22 
1740 21.38 78.62 55.23 44.77  
1800 20.26 79.74 54.52 45.48 29.03 70.97 
1860 19.90 80.10 53.07 46.93  
2880 12.72 87.28 42.72 57.28  
2940 12.59 87.41 42.55 57.45  
3000 12.45 87.55 41.81 58.19  
3060 11.88 88.12 41.61 58.39  
3180 11.78 88.22 41.49 58.51  
3240 11.28 88.72 41.28 58.72  
3300 11.16 88.84 41.09 58.91 25.05 74.95 
7200 0 100 0 100 20.28 79.72 
Table 6.9: GC conversions in SUZUkI, Sonogashira and Heck reactions. 
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VL4.b Use of Pd Plugs in Microwave-assisted Coupling Reactions 
Base and solvent screening in Sonogashira reaction model with iodobenzene: 
To a solution of iodobenzene (5 uL, 0.04 mmol) and phenyl acetylene (7 1uL, 0.06 
mmol, 1.5 eq) in DMF or MeCN (2 mL) in a microwave vial (2-5 mL size) were 
added a solution of base in water (0.75 mL) and 1 XL-Pd s-plug catalyst 46 (0.8 
pmol,.2.0 mol %). The reaction vessel was microwave irradiated for 1 h at 120 °C. 
EtN (17uL, 0.12 mmol, 3.0 eq) 
NaOAc (10 mg, 0.12 mmol, 3.0 eq) 
NaO'Bu (12 mg, 0.12 mmol, 3.0 e 
K2C0 (17 mg, 0.12 mmol, 3.0 eq) 
Na2HP0 (17 mg, 0.12 mmol, 3.0 eq) 
An aliquot taken from each reaction mixture was analysed by HPLC (Method 1) (see 
Section IV.2.b). 
Use of XL-Pd s-plug (46) in Suzuki-Miyaura reactions with a range of 
substrates: 
RC ° 
To a solution of the aryl iodide (1.0 mmol), TBAB (322 mg, 1.0 mmol, 1.0 eq) and 
phenyl boronic acid (183 mg, 1.5 mmol, 1.5 eq) in DMF (2 mL) in a microwave vial 
were added a solution of NaO'Bu (144 mg, 1.5 mmol, 1.5 eq) in water (0.75 mL) and 
1 XL-Pd s-plug catalyst 46, with the following loading for each aryl iodide: 
• 28 1umol, 2.8 mol %, for R = OMe, COMe; 
• 6 1umol, 0.6 mol %, for R = CF3, NO2, Me, H. 
The reaction vessel was microwave irradiated for 15 min at 120 °C. The XL-Pd s- 
plug was removed from solution with tweezers, washed with DCM (10 x 6 mL) and 
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dried in the vacuum oven at 40 °C for 48 h while the combined washing filtrates 
were concentrated under reduced pressure. The reaction mixture was diluted in water 
(20 mL) and extracted with Et 20 (4 x 30 mL). The combined organic phases were 
dried over MgSO 4, filtered and concentrated under reduced pressure. The residue 
was purified by colunm chromatography on silica gel (Hexane) to yield 58a-f. 
4-Methoxybi6henyl 58a (R = OMe): 29° 
Obtained as a white solid (169 mg, 92%). R (Hexane/EtOAc 95/5): 0.50; mp: 79-8 1 
°C (lit. 295 86 °C); IR (neat): v.a,, 3034 (w), 3003 (w), 2960 (w), 2837 (w), 2360 (w), 
1606 (m), 1583 (w), 1521 (m), 1487 (m), 1464 (w), 1440 (w), 1288 (m), 1270 (m), 
1250 (s), 1201 (m), 1184 (m), 1036 (m), 833 (s), 761 (s), 739 (m), 689 (m); 'H N1\'LR 
(CDC13 , 250 MHz): 8H  7.63-7.56 (m, 4H, Ar2CH + Ar2 CR), 7.47 (t, 2H, J = 7 Hz, 
Ar3 'CH), 7.35 (t, 1H, J= 7 Hz, Ar4'CR), 7.03 (d, 2H, J= 9 Hz, Ar3CH), 3.89 (s, 3H, 
OCH3); 13C NMR (CDC13 , 63 MHz): &C 159.2 (Ar4C), 140.9 (Ar"C), 133.8 (Ar'C), 
128.8 (Ar3 'CH), 128.2 (Ar2CH), 126.8 (Ar2'CH), 126.7 (Ar4'CH), 114.3 (Ar3 CH), 
55.4 (OCH3); MS (El): mlz (%) 184 ([M], 100), 169 (58), 152 (6), 141 (48), 115 
(27), 92 (5), 89 (3). 
4-(Trifluoromethyl)biphenyl 58b (R = CF): 281 
Obtained as a white solid (214 mg, 96%). Rf (Hexane): 0.53; mp: 66-68 °C (lit. 296 
67-67.5 °C); IR (neat): v.,a., 2925 (w), 2853 (w), 1615 (m), 1570 (w), 1490 (w), 1405 
(m), 1338 (s), 1277 (w), 1162 (m), 1114 (s), 1077 (s), 1017 (w), 1007 (w), 844(s), 
767 (s), 729 (s), 691 (m); 'H NMR (CDC13 , 250 MHz): 5j4 7.72 (s, 4H, Ar2CH + 
Ar3 CR), 7.62 (d, 2H, J= 7 Hz, A?'CR), 7.50 (t, 2H, J= 7 Hz, Ar3 'CR), 7.43 (t, 1H, 
J = 7 Hz, Ar4'CR); 13C NMR (CDC13, 63 MHz): 9c 144.9 (Ar'C), 139.9 (Ar"C), 
129.5 (q, J(C,F) = 32 Hz, Ar4C), 129.1 (Ar3 'C}{), 128.3 (Ar4'CH), 127.6 (Ar2CH), 
127.4 (Ar2 'CH), 125.9, 125.8 (q, J(C,F) = 4 Hz, Ar3 CH), 124.5 (q, J(c)  = 270 Hz, 
CF3); MS (El): m/z (%) 222 ([M] 1 , 100), 203 (28), 183 (8), 172 (14), 153 (56), 152 
(63), 101 (8), 86 (15), 76 (14), 75 (15). 
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4-Nitrobiphenyl 58c (R = N0): 28 ' 
Obtained as a pale yellow solid (122 mg, 6 1%). R f (Hexane/EtOAc 95/5): 0.39; mp: 
108-110 °C (lit. 295 112-113 °C); IR (neat): Vma,  3077 (w), 2933 (w), 2363 (w), 1596 
(s), 1576 (m), 1513 (s), 1479 (m), 1450 (m), 1405 (m), 1346 (s), 1326 (m), 1286 (m), 
1159 (w), 1116 (m), 1105 (m), 1079 (w), 1007 (w), 926 (w), 853 (s), 774 (m), 739 
(s), 700 (m); 'H NMR (CDC13 , 250 MHz): 811 8.30 (d, 2H, J = 9 Hz, Ar3CII), 7.74 
(d, 2H, J= 9 Hz, Ar2CI]), 7.63 (d, 2H, J= 8 Hz, Ar2'Cl-l), 7.54-7.44 (m, 3H, Ar3 CH 
+ Ar4'CH); 13C NMR (CDC13, 63 MHz): 92 147.7 (Ar'C), 147.2 (Ar4C), 138.9 
(Ar"C), 129.3 (Ar 3 'CH), 129.0 (Ar4'CH), 127.9 (Ar2 CH), 127.5 (A?'CH), 124.2 
(Ar3 CH); MS (El): mlz (%) 199 ([M], 95), 169 (80), 152 (100), 141 (67), 115 (35), 
77 (15). 
4-Methylbiphenyl 58d (R = 	291 
Obtained as a white solid (160 mg, 95%). Rf (Hexane): 0.44; mp: 50-52 °C (lit. 295 
46-47 °C); IR (neat): vma,, 3031 (w), 2920 (w), 2857 (w), 1601 (w), 1520 (m), 1488 
(w), 1445 (w), 1403 (w), 1378 (w), 1265 (w), 1128 (w), 1076 (w), 1039 (w), 1007 
(w), 823 (m), 754 (s), 690 (m); 'H NMR (CDC13, 250 MHz): & 7.66 (d, 2H, J = 7 
Hz, Ar2 'CH), 7.58 (d, 2H, J= 8 Hz, Ar2CH), 7.50 (t, 2H, J= 7 Hz, Ar3 Cl]), 7.37 (t, 
1H, J= 7 Hz, Ar4'CH), 7.33 (d, 2H, J= 8 Hz, Ar3CI]), 2.47 (s, 3H, CH3); 13C NMR 
(CDC13, 63 MHz): &2 141.3 (Ar"C), 138.5 (Ar'C), 137.1 (Ar 4C), 129.6 (Ar3 CH), 
128.8 (Ar3 'CH), 127.1 (Ar4'CH + Ar2'CH + A?CH), 21.2 (CH3); MS (El): m/z (%) 
168 ([M], 100), 167 (85), 153 (25), 152 (35), 139 (10), 115 (17), 91(14), 89(8), 83 
(18),77 (8). 
Biphenyl 58e (R = H): 29 ' 
Obtained as awhite solid (142 mg, 92%). Rf (Hexane): 0.47; mp: 64-66 °C (lit. 295 
68-69 °C); IR (neat): v,,, a,, 3063 (w), 3035 (w), 1569 (w), 1481 (m), 1430 (m), 1345 
(w), 1266 (w), 1170 (w), 1091 (w), 1008 (w), 903 (w), 728 (s), 697 (s); 'H NMR 
(CDC13, 250 MHz): 7.65(d, 4H, J= 7 Hz, Ar2CII), 7.49 (t, 4H, J= 7 Hz, Ar3CH), 
7.39 (t, 2H, J= 7 Hz, Ar4CIJ); 13C NM.R (CDC13 , 63 MHz): i5c 141.4 (Ar'C), 128.9 
(Ar3 CH), 127.4 (Ar4CH), 127.3 (Ar2CH); MS (El): m/z (%) 154 ([M], 100), 153 
(86), 152 (97), 139 (19), 128 (49), 115(44), 102 (33), 89(15), 77(51), 76(59). 
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1-Biphenyl-4-ylethanone 58f (R = COMe): 28 ' 
Obtained as a white solid (151 rng, 77%).Rf (Hexane/EtOAc 95/5): 0.27; mp: 116-
118 °C (lit. 295 119-120 °C); IR (neat): vna,, 2357 (w), 1680 (s), .1603 (m), 1486 (w), 
1403 (m), 1359 (m), 1265 (m), 1180 (w), 1120 (w), 960 (m), 835 (m), 764 (s), 721 
(m), 690 (m); 'H NMR (CDC13, 250 MHz): & 8.04 (d, 2H, J = 9 Hz, Ar2CH), 7.69 
(d, 2H, J = 9 Hz, Ar3CIf), 7.63 (d, 2H, J = 7 Hz, Ar2'CIJ), 7.48 (t, 2H, J = 7 Hz, 
A?'CH), 7.40 (t, 1H, J= 7 Hz, Ar4'CH), 2.64 (s, 311, CH3CO); 13C NMR (CDC13 , 63 
MHz): & 197.7 (COCH3), 145.7 (A?C), 139.8 (Ar"C), 135.8 (Ar4C), 129.0 
(Ar3 CH), 128.9 (Ar3 'CH), 128.2 (Ar4'CH), 127.3 (Ar2CH), 127.2 (Ar2'CH), 26.7 
(COCH3); MS (El): m/z (%) 196 ([M], 69),195 (34), 181 (100), 167 (14), 153 (55), 
'152 (68),76 (30),75 (12). 
Use of XL-Pd s-plug (46) in Sonogashira-Hagihara reactions with a range of 
substrates: 
RJ X ° 
Disubstituted alkynes 59a-f were prepared in a similar fashion, except that the 
coupling partner was phenyl acetylene (165 pL, 1.5 mmol, 1.5 eq) and that the XL-
Pd s-plug 46 had the following loading for each aryl iodide: 
• 68 pmol, 6.8 mol %, for R = OMe; 
• 28 1umol, 2.8 mol %, for R = H, COMe; 
• 6 4umol, 0.6 mol %, for R = CF 3 , Me; 
• 0.8 pmol, 0.08 mol %, for R = NO2. 
1 -Methoxy-442-phenyl- 1 -ethynyllbenzene 59a (R = OMe): 292 
Obtained as an off-white solid (61 mg, 26%). Rf (Hexane/EtOAc 95/5): 0.44; mp: 
50-52 °C (lit. 292 5 1-53 °C); IR (neat): v,, a,, 2934 (w), 2837 (w), 2216 (w), 1606 (m), 
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1596 (m), 1511 (s), 1441 (w), 1288 (w), 1249 (s), 1179 (m), 1108 (w), 1031 (m), 918 
(w), 833 (s), 754 (m), 692 (m); 'H NMR (CDC13 , 250 MHz): 8H  7.54-7.44 (m, 4H, 
Ar2 'CH + Ar2CH), 7.38-7.31 (m,3H, Ar3 'CH + Ar4 'CH), 6.89 (d, 2H, J = 9 Hz, 
A?CR), 3.83 (s, 3H, CH30); ' 3C NMR (CDC13, 63 MHz): & 160.0 (Ar4C), 133.4 
(Ar2CH), 131.8 (Ar2'CH), 128.7 (Ar3 'CH), 128.3 (Ar4'CH), 124.0 (Ar"C), 115.8 
(Ar'C), 114.4 (Ar3 CH), 89.8 (CC), 88.5 (C'C), 55.7 (OCH3); MS (El): m/z (%) 
208 ([M], 100), 193 (55), 178 (7), 166 (7), 165 (42), 164 (12), 150 (15), 139 (8), 
135 (69), 111 (11), 97(21), 81(12). 
1 -(2-Phenyl- 1 -eth3nyl)-4-(trifluoromethyl)benzene 59b (R = CF): 292 
Obtained as a white solid (210 mg, 85%). R (Hexane): 0.18; mp: 99-101 °C (lit. 292 
103 °C); IR (neat): Vm 3056 (w), 2223 (w), 1613 (m), 1490 (w), 1444 (w), 1408 
(w), 1338 (s), 1325 (s), 1267 (rn), 1169 (s), 1157 (s), 1132 (s), 1112 (s), 1070 (s), 
1022 (w), 922 (w), 845 (s), 829 (w), 760 (s), 740 (s), 704 (m), 692 (s); 'H NMR 
(CDC13, 250 MHz): 8, 7.64-7.54 (rn, 6H, Ar2CH+ Ar3CH+ Ar2'CII), 7.41-7.36 (rn, 
3H, Ar3 'CH + Ar4 'CH); 13C NMR (CDC13, 63 MHz): & 132.0 (Ar 2CH), 131.9 
( 2 'c[T) 130.0 (q, J(c,F) = 33 Hz, Ar4C), 129.0 (Ar4'CH), 128.6 (Ar3 'CH), 127.3 
(Ar'C), 125.4 (q, J(C,F) = 4 Hz, Ar3 CH), 124.1 (q, J(C,F) = 270 Hz, CF3), 122.7 
(Ar"C), 91.9 (CC), 88.1 (CC); MS (El): m/z (%) 246 ([M], 100), 227 (28), 207 
(6), 196 (22), 176 (26), 151 (11), 123 (7), 98(21), 85(6), 75(10). 
1-Nitro-4-[2-phenyl-1-ethynyllbenzene 59c (R = N0: 282 
Obtained as a bright yellow solid (187 mg, 81%). R (Hexane/EtOAc 95/5): 0.43; 
mp: 115-117 °C (lit. 282 120-122 °C); IR (neat): v,,,a,, 3104 (w), 2217 (m), 1689 (w), 
1593 (m), 1510 (s), 1442 (w), 1353 (m), 1310 (w), 1287 (w), 1177 (w), 1107 (m), 
921 (w), 856 (m), 764 (rn), 749 (m), 689 (rn); 'H NMR (CDC13, 250 MHz) 8.22 
(d, 2H,J= 9Hz, Ar3CH), 7.66 (d, 2H,J= 9Hz, Ar2CH), 7.58-7.53 (rn, 2H, Ar2 CH), 
7.42-7.37 (rn, 3H, Ar3 'CH± Ar4'CIl); 13C NMR (CDC1 3, 63 MHz): & 147.1 (Ar4C), 
132.4 (Ar2CH), 132.0 (Ar2'CH), 130.4 (Ar'C), 129.4 (Ar4'CH), 128.7 (Ar3 'CH), 
123.8 (A?CH), 122.2 (Ar"C), 94.8 (CEC), 87.7 (CC); MS (El): m/z (%) 223 
([M] 4 , 100), 193 (60), 177 (35), 176 (72), 165 (41), 151 (40), 150 (33), 135 (41), 88 
(34),75 (21). 
143 
1-Methyl-4-[2-phenyl-1-ethynyllbenzene 59d (R = Me): 282 
Obtained as a white solid (152 mg, 79%). Rf (Hexane): 0.37; mp: 67-69 °C (lit. 282 
71-73 °C); IR (neat): Vm 3028 (w), 2920 (w), 1594 (w), 1510 (m), 1441 (w), 1107 
(w), 1071 (w), 968 (m), 819 (s), 810 (s), 755 (s), 708 (w), 690 (s); 'H NMR (CDC13, 
250 MHz): oH  7.57-7.50 (m, 2H, Ar2'CIJ), 7.45 (d, 2H, J= 8 Hz, Ar2CH), 7.40-7.30 
(m, 3H, Ar3 'CH+ Ar4 'CIf), 7.18 (d, 2H, J= 8 Hz, Ar3CII), 2.39 (s, 3H, CH3); 13C 
NMR (CDC13, 63 MHz): 5c 138.5 (Ar4C), 131.7 (Ar2 'CH), 131.6 (Ar2 CH), 129.2 
(Ar3 CH), 128.4 (A?'CH), 128.2 (Ar 4 'CH), 123.6 (Ar"C), 120.3 (Ar'C), 89.7 (CC), 
88.9 (C'C), 21.7 (CH3); MS (El): mlz (%) 192 ([M] + , 100), 191 (64), 176 (5), 165 
(24), 139 (5), 115(11), 96(10), 82(11). 
1 ,2-Diphenylethyne or 1,1 '-ethyne- 1 ,2-diyldibenzene 59e (R = H): 282 
Obtained as an off-white solid (115 mg, 57%). Rf (Hexane): 0.40; mp: 68-70 °C 
(lit. 282 59-61 °C); IR (neat): v,,Ia,, 3062 (w), 2922 (m), 2852 (w), 1599 (w), 1492 (m), 
1442 (m), 1377 (w), 1156 (w), 1069 (w), 1025 (w), 964 (w), 917 (m), 753 (s), 687 
(s); 'H NMR (CDC13, 250 MHz): oH 7.58-7.52 (m, 4H), 7.41-7.33 (m, 6H); ' 3C 
NMR (CDC13 , 63 MHz): & 131.7 (Ar2CH), 128.5 (Ar3 CH), 128.4 (Ar4CH), 123.4 
(Ar 1 C), 89.5 (CC); MS (El.): m/z (%) 178 ([M], 100), 177 (42), 176 (62), 165 (13), 
152 (40), 151 (32), 150 (28), 135 (40), 126 (16), 112 (7), 89(41), 88(18), 77(9), 76 
(43),75 (15). 
1 4442-Phenyl- 1 -ethynyl)phenyllethanone 59f (R = COMe): 297 
Obtained as a white solid (13 mg, 59%). R (Hexane/EtOAc 95/5): 0.41; mp: 97-99 
°C (lit. 298 98-99 °C); IR (neat): vma,, 3004 (w), 2218 (w), 1680 (s), 1604 (w), 1486 
(w), 1442 (w), 1404 (w), 1361 (w), 1267 (m), 1177 (w), 1109 (w), 1071 (w), 960 
(w), 924 (w), 833 (m), 762 (m), 694 (m), 641 (w); 'H NMR (CDC13 , 250 MHz): 
7.95 (d, 2H, J = 9 Hz, Ar2CII), 7.61 (d, 2H, J = 9 Hz, Ar3CH), 7.58-7.53 (m, 2H, 
Ar2'CH), 7.40-7.35 (m, 3H, Ar3 'CH + Ar4 'CII), 2.62 (s, 3H, CH3CO); '3C NMR 
(CDC13,'63 MHz): &2 197.5 (COCH3), 136.3 (Ar4C), 131.9 (A?CH), 131.8 (Ar2 CH), 
128.9 (Ar4 'CH), 128.6 (Ar3 CH), 128.4 (Ar3 'CH), 128.3 (Ar'C), 122.8 (Ar"C), 92.8 
(CC), 88.7 (CC), 26.8 (COCH 3); MS (El): m/z (%) 220 ([M] 1 , 65), 207 (40), 206 
(17), 205 (100), 178 (21), 177 (22), 176 (35), 151 (18), 102(11), 88(21), 77(9). 
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Use of XL-Pd s-plug (46) in Heck-Mizoroki reactions with a range of substrates: 
RC ° 
Disubstituted alkenes 60a-f were prepared in a similar fashion, except that the 
coupling partner was styrene (172 1uL, 1.5 mmol, 1.5 eq) and that the XL-Pd s-plug 
46 had the following loading for each aryl iodide: 
• 68 pmol, 6.8 mol %, for R = OMe, NO 2, H; 
28 1umol, 2.8 mol %, for R = Me, COMe; 
• 6 umol, 0.6 mol %, for R = CF3. 
1-Methoxy-4-12-phenyl-1-ethenyllbenzene 60a (R = OMe): 233 
Obtained as an off-white solid (196 mg, 93%). Rf (Hexane/EtOAc 95/5): 0.41; mp: 
130-132 °C (lit. 299 137 °C); IR (neat): Vm ax 3004 (w), 2962 (w), 2837 (w), 1603 (m), 
1513 (s), 1464 (w), 1447 (w), 1297 (w), 1252 (s), 1180 (m), 1112 (w), 1031 (s), 967 
(s), 860 (w), 828 (m), 813 (s), 751 (m), 715 (w), 690 (s); 'H NMR (CDC13, 250 
MHz): 8H  7.53-7.44 (m, 4H, Ar2CH+ Ar2'CH), 7.36 (t, 2H, J= 7 Hz, Ar3 'CH), 7.23 
(t, 1H, J= 7 Hz, Ar4 'CH), 7.10 (d, 1H, J= 16 Hz, CH=CH), 6.99 (d, 1H, J= 16 Hz, 
CHCH), 6.92 (d, 2H, J= 9 Hz, Ar3CH), 3.84 (s, 3H, CH30); ' 3C NMR (CDC13, 63 
MHz): & 159.4 (Ar4C), 137.8 (Ar"C), 130.3 (Ar'C), 128.8 (Ar 3 'CH), 128.3 
(CH=CH), 127.8 (Ar2CH), 127.3 (Ar4'CH), 126.7 (CH=CH), 126.4 (Ar2 'CH), 114.3 
(Ar3 CH), 55.5 (OCH); MS (El): m/z (%) 210 ([M], 100), 195 (52), 179 (19), 165 
(51), 152 (48), 115 (11), 105 (7), 89(14). 
1 -(2-Phenyl- 1 -ethenyl)-4-(triuluoromethyl)benzene 60b (R = 
Obtained as a white solid (232 mg, 94%). R (Hexane): 0.41; mp: 130-132 °C (lit. 299 
132-133 °C); IR (neat): v 3028 (w), 2923 (w), 1612 (m), 1577 (w), 1493 (w), 
1451 (w), 1415 (w), 1327 (s), 1220 (w), 1186 (w), 1166 (s), 1155(m), 1129 (s), 1110 
(s), 1069 (s), 1013 (w), 960 (m), 871 (m), 826 (s), 757 (s), 731 (m), 693 (s), 660 (m); 
'H NMR (CDC13, 250 MHz): 8H  7.61 (s, 4H, Ar2CH+ Ar3CII), 7.55 (d, 2H, J= 7 
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Hz, Ar2 Cu), 7.40 (t, 2H, J= 7 Hz, Ar3 'CIf), 7.32 (t, 1H, J= 7 Hz, Ar4'CH), 7.22 (d, 
1H, J = 16 Hz, CH=CH), 7.12 (d, 1H, J = 16 Hz, CH=CH); 13C NMR (CDC1 3, 63 
MHz): & 140.9 (Ar'C), 136.8 (Ar"C), 131.3 (CH=CH), 129.4 (q, J(C,F) = 32 Hz, 
Ar4C), 128.9 (Ar3 'CH), 128.4 (Ar4'CH), 127.2 (CH=CH), 126.9 (A?CH), 126.7 
(Ar2 'CH), 125.8 (q, J(C,F) = 4 Hz, Ar 3 CH), 124.4 (q, J(C,F) = 270 Hz, CF3); MS (El): 
m/z (%) 248 ([M], 100), 227 (40), 194 (32), 179 (93), 178 (91), 152 (20), 105 (3), 
89 (32),76 (18). 
1-Nitro-4-[2-phenyl-1-ethenyllbenzene 60c (R = N0): 294 
Obtained as a yellow solid (178 mg, 79%). Rf(HexanelEtOAc 95/5): 0.33; mp: 151-
153 °C (lit. 299 155-156 °C); IR (neat): v,,,ax 3078 (w), 2922(w), 2360 (w), 1632 (w), 
1595 (m), 1508 (s), 1448 (w), 1352 (s), 1190 (w), 1109 (w), 1074 (w), 998 (w), 970 
(m), 957 (w), 877 (w), 849 (w), 833 (m), 766 (s), 694 (s); 'H NMR (CDC13, 250 
MHz): 8H  8.22 (d, 2H, J= 9 Hz, Ar3CH), 7.63 (d, 2H, J= 9 Hz, Ar2CH), 7.56 (d, 2H, 
J = 7 Hz, Ar2'CH), 7.45-7.32 (m, 3H, Ar3 'CH + Ar4'CH), 7.28 (d, 1H, J 16 Hz, 
CH=CH), 7.14 (d, 1H, J= 16Hz, CH=CH); 13C NMR (CDC13, 63 MHz): 9c 146.7 
(Ar4C), 143.8 (Ar'C), 136.1 (Ar"C), 133.3 (CH=CH), 128.9 (Ar 3 CH), 128.8 
(Ar4'CH), 127.0 (Ar2'CH), 126.8 (Ar2CH), 126.2 (CH=CH), 124.1 (Ar 3 CH); MS 
(El): m/z (%) 225 ([M], 100), 195 (15), 179 (51), 178 (100), 152 (48), 115 (6), 89 
(16),76 (31). 
1-Methyl-4-[2-phenyl-1-ethenyllbenzene 60d (R = 	233 
Obtained as an off-white solid (187 mg, 96%). Rf (Hexane): 0.34; mp: 115-117 °C 
(lit. 299 120 °C); IR (neat): v,,,a,, 3051 (w), 3026 (w), 2918 (w), 1595 (w), 1511(w), 
1493 (w), 1448 (w), 1374 (w), 1334 (w), 1264 (s), 1219 (w), 1183 (w), 1155 (w), 
1110 (w), 1073 (w), 1029 (w), 964 (m), 895, 860 (w), 807 (m), 734 (s), 705 (s), 691 
(s); 'H NMR (CDC13, 250 MHz): & 7.54 (d, 2H, J = 7 Hz, Ar2 'CI]), 7.45 (d, 2H, J = 
8 Hz, Ar2Ch'), 7.39 (t, 2H, J= 7 Hz, Ar3 'CIf), 7.28 (t, 1H, J= 7 Hz, Ar4'CIl), 7.21 
(d, 2H, J = 8 Hz, Ar3CII), 7.12 (s, 2H, CH=CH), 2.40 (s, 3H, CH3); 13C NMR 
(CDC13, 63 MHz): i5c 137.6 (Ar4C + Ar 1 'C), 134.7 (Ar'C), 129.5 (A?CH), 128.8 
(Ar3 'CH + CH=CH), 127.8 (CH=CH), 127.5 (Ar4'CH), 126.6 (Ar2'CH), 126.5 
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(Ar2cH), 21.4 (CH3); MS (El): mlz (%) 194 ([M], 95), 193 (79), 192 (66), 191 (58), 
179 (83), 178 (84), 177 (96), 165 (100), 152 (55), 115 (58), 96 (71), 89 (79), 77 (48). 
1,2-Diyhenylethene 60e (R = 	233 
Obtained as a white solid (169 mg, 94%). R (Hexane): 0.34; mp: 122-124 °C (lit. 299 
125 °C); IR (neat): v,, 3058 (w), 3028 (w), 1951 (w), 1818 (w), 1598 (w), 1578 
(w), 1495 (m), 1452 (m), 1332 (w), 1300 (w), 1264 (s), 1221 (w), 1155 (w), 1072 
(w), 1029 (w), 983 (w), 962 (m), 909 (w), 763 (s), 735 (s), 692 (s); 'H NMR (CDC13 , 
250 MHz): & 7.57 (d, 4H, J= 7 Hz, Ar2CII), 7.41 (t, 4H, J= 7 Hz, Ar3CR), 7.31 (t, 
2H, J= 7 Hz, Ar4CII), 7.16 (s, 2H, CH=CH); 13C NMR (CDC1 3 , 63 MHz): & 137.4 
(Ar'C), 128.8 (Ar3 CH + CH=CH), 127.7 (Ar 4CH), 126.6 (Ar2CH); MS (El): m/z (%) 
180 ([M] 1 , 89), 179 (92), 178 (100), 165 (71), 152 (34), 89 (66). 
1-[4-(2-Phenyl-1-ethenyl)phenyl1ethanone 60f (R = COMe): 233 
Obtained as a white solid (183 mg, 82%). R (Hexane/EtOAc 95/5): 0.30; mp: 133-
135 °C (lit. 300 134-137 °C); IR (neat): Vmax '3021 (w), 2361 (w), 1678 (s), 1601 (w), 
1493 (w), 1450 (w), 1411(w), 1360 (w), 1268 (m), 1181(w), 1074 (w), 965 (m), 868 
(w), 821 (m), 755 (m), 724 (w), 690 (m), 612 (w); 'H NMR (CDC13, 250 MHz): gii 
7.96 (d, 2H, J = 9 Hz, Ar2CII), 7.59 (d, 2H, J = 9 Hz, Ar3CII), 7.55 (d, 2H, J = 7 Hz, 
Ar2 'CIl), 7.39 (t, 2H, J= 7 Hz, Ar3 'CH), 7.30 (t, 1H, J= 7 Hz, Ar4'CH), 7.24 (d, 1H, 
J = 17 Hz, CH=CH), 7.13 (d, 1H, J = 17 Hz, CH=CH), 2.61 (s, 3H, CH3CO); 13C 
NMR (CD613, 63 MHz): & 197.6 (COCH3), 142.1 (Ar'C), 136.8 (Ar"C), 136.1 
(Ar4C), 131.6 (CH=CH), 129.0 (Ar 3 cH), 128.9 (Ar3 'cH), 128.4 (CH=CH), 127.6 
(Ar4'CH), 126.9 (A?CH), 126.6 (Ar2'CH), 26.7 (COCH3); MS (El): m/z (%) 222 
([M], 92), 208 (21), 207 (100), 179 (25), 178 (63), 152 (10), 103 (15), 89 (26). 
Use of XL-Pd rn-plug (46) in a Heck-Mizoroki reaction with 4-iodotoluene: 
Synthesis of 1-methyl-4-[2-phenyl-1-ethenyl]benzene 60d (R = Me) 233 
To a solution of 4-iodotoluene (22 mg, 0.1 mmol), TBAB (32 mg, 0.1 mmol, 1.0 eq) 
and styrene (17 pL, 0.15 mmol, 1.5 eq) in DMIF (1.45 mL) in a microwave vial were 
added a solution of NaO'Bu (14 mg, 0.15 mmol, 1.5 eq) in water (0.54 mL) and 1 
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XL-Pd rn-plug catalyst 46 (0.5 1umol, 0.5 mol %). The reaction vessel was microwave 
irradiated for 15 min at 120 °C. The XL-Pd rn-plug was removed from solution, 
washed with DCM (10 x 6 mL) and dried in a vacuum oven at 40 °C for 48 h, while 
the reaction mixture was analysed by HPLC (Method 1) (97% HPLC conversion to 
60d). 
Recycle test of XL-Pd s-plu2 (46) in Heck-Mizoroki reactions with 4-
iodotoluene: 
Synthesis of 1 -met hyl-4-[2-phenyl- 1 -ethenyl]benzene 60d (R = Me) 233 
Same method as above with XL-Pd rn-plug 46, except that the Pd catalyst was 1 XL-
Pd s-plug 46 (0.8 1urnol, 0.8 mol %). The reaction was repeated with the same XL-Pd 
s-plug for 5 runs, with consistent HPLC conversions to olefin 60d (98% HPLC 
conversion at each run, HPLC Method 1). 
Use of XL-Pd s-plug (46) in a Heck-Mizoroki reaction with 4-bromotoluene: 
Synthesis of 1-methyl-4-[2-phenyl-1-ethenyl]benzene 60d(R = Me) 233 
Same method as above with XL-Pd rn-plug 46, except that the aryl halide was 4-
bromotoluen'e (86 mg, 0.5 mmol), that the Pd catalyst was 1 XL-Pd s-plug 46 (28 
prnol, 5.6 mol %) and that microwave irradiation was performed for 2 x 15 min at 
120 °C (93% HPLC conversion to 60d, HPLC Method]). 
• Three-phase Tests 




4 Fmoc-Rink amide plugs (0.300 mmol, 0.075 mmollplug) were pre-swollen in DMF 
(10 mL) then DCM (10 mL), 5 min with each solvent, and treated with a solution of 
20% piperidine in DMF (3 mL) in a microwave vial. The reaction vessel was 
microwave irradiated twice for 5 mm at 60 °C, with 3 DMF washings in between. 
The Rink amide plugs were removed from solution and washed by turns with DMF 
(7 x 10 mL) and DCM (7 x 10 mL). They were added to a reaction vessel containing 
a 0.2M solution of 4-iodobenzoic acid (149 mg, 0.6 mmol, 2.0 eq), PyBOP (312 mg, 
0.6 mmol, 2.0 eq) and DIPEA (199 pL, 1.2 mmol, 4.0 e in DMF (3 mL) and the 
resulting mixture was microwave irradiated for 15 min at 60 °C. The resulting plugs 
were washed by turns with DMF (7 x 10mL) and DCM (7 x 10 mL) to give resin 
plug-bound 4-iodobenzamide 61. 
General procedure for three-phase reactions (Suzuki, Sonogashira and Heck) 
with resin plug-bound 4-iodobenzamide and XL-Pd s- or rn-plugs as catalysts: 
To a solution of 4-iodoacetophenone (25 mg, 0.1 mmol), TBAB (65 mg, 0.2 mmol, 2.0 
eq) and the coupling partner (37 mg of phenyl boronic acid, 33 ,uL of phenyl acetylene 
or 34 pL of styrene, 0.3 mmol, 3.0 eq) in DMF (1 mL) in a microwave vial were added 
a solution of NaO tBu (29 mg, 0.3 mmol, 3.0 eq) in water (0.38 mL), 1 XL-Pd plug 
catalyst 46 (1 4umol, 1 mol %) and resin plug-bound 4-iodobenzamide (1 plug). The 
reaction vessel was microwave irradiated for 15 min at 120 °C. The XL-Pd plug was 
removed from solution, washed with DCM (10 x 6 mL) and dried in a vacuum oven at 
40 °C for 48 h while the combined washing filtrates were concentrated in vacuo. The 
reaction mixture was diluted in water (20 mL) and extracted with Et 20 (4 x 30 mL). 
The combined organic phases were dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by column chromatography on silica gel 
(Hexane, Hexane/EtOAc 99/1 and 96/4) to yield 1-biphenyl-4-ylethanone 58f, 1-[4-(2-
phenyl- 1 -ethynyl)phenyl]ethanone 59f or 1 -[4-(2-phenyl- 1 -ethenyl)phenyl]ethanone 
60f. The dried resin plug with the Rink linker was treated with TFA:TIS:DCM 
(95:2.5:2.5) (2 mL) to give amide products 62 and/or 63, 64, 65. The cleaved plug was 
removed and washed with DCM (10 x 6 mL). The combined filtrates were 
concentrated under reduced pressure and diluted with acetonitrile for HPLC analysis. 
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> Results with XL-Pd s-plug 
Three-phase Suzuki reaction: 
Amide products from TFA cleavage: 
4-Iodobenzoic carboxamide 62: 301 
° NH2 
62 
MS (ES4):  mlz calcd for C 7H6INO 247.0; m/z found 247.9 ([M+H], 100), 269.9 
([M+Na] 1 , 45). 
RP-HPLC (ELSD), gradient (Method 2): 6.6 mm (94%). 
1-Biphenyl-4-carboxylic acid amide 63: 302 
&-G N 
63 
MS (ES4): m/z calcd for C 13H 11N0 197.2; m/z found 198.1 ([M+H], 100), 220.0 
([M+Na], 97), 417.1 ([2M+Na], 11). 
RP-HIPLC (ELSD), gradient (Method 2): 7.1 mm (6%). 
Three-phase Sonogashira reaction: 
Amide product from TFA cleavage: 




MS (ES): m/z calcd for C151111N0 221.3; mlz found 222.1 ([M+H]F,  100), 244.0 
([M+Na], 40), 465.0 ([2M+Na], 10). 
RP-IIPLC (ELSD), gradient (Method 2): 7.8 mm (100%). 
Three-phase Heck reaction: 
Amide product from TFA cleavage: 
1 -[4-(2-Phenyl- 1 -ethenyl)phenyllcarboxylic acid amide 65: 303 
65 
MS (ES): mlz calcd for C 15H 1 3N0 223.3; mlz found 224.1 ([M+H] +, 100), 246.1 
([M+Na], 85), 469.2 ([2M+Na]+,  21). 
RP-HPLC (ELSD), gradient (Method 2): 7.6 mm (100%). 
> Results with XL Pd rn-plug 
Three-phase Suzuki reaction: 
Amide product from TFA cleavage: 
4-Iodobenzoic carboxamide 62: 
RP-HPLC (ELSD), gradient (Method 2): 6.5 mm (100%). 
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Three-phase Sonogashira reaction: 
Amide product from TFA cleavage: 
4-Iodobenzoic carboxamide 62: 
RP-HPLC (ELSD), gradient (Method 2): 6.5 mm (100%). 
Three-phase Heck reaction: 
Amide products from TFA cleavage: 
4-Iodobenzoic carboxamide 62: 
RP-HPLC (ELSD), gradient (Method 2): 6.7 mm (67%). 
1 -[4-(2-Phenyl- 1 -ethenyl)phenyllcarboxylic acid amide 65: 
RP-HPLC (ELSD), gradient (Method 2): 7.7 mm (33%). 
VI.5 Experimental for Chapter V 
VI.5.a Continuous-flow Peptide Synthesis on Resin Plugs 
Synthesis of Fmoc-His-Phe-NH 2 (72) 0  using Fmoc-Rink amide s-p1us in a 






5 Fmoc-Rink amide s-plugs (0.375 mmol, 0.075 mmollplug) and 1 piece of 
polyethylene matrix were introduced in a flow-through column (PLgel 3-5-10 m 
Guard, 50 x 7.5 mm, with PTFE coarse frits), which was connected to an HPLC 
pump (HP1090 from Agilent Technologies). Solutions were pumped through the 
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column in a closed circuit for pre-swellmg and peptide coupling steps, whereas they 
were sent to a waste bottle after passing through the column for Fmoc deprotection 
and washing steps. 
Fmoc deprotections were performed with a solution of 20% pipendme in DMF. An 
0.2M "HOBt ester" solution of each amino acid was prepared by dissolving 
HOBt.H20 (144 mg, 0.94 mmol, 2.5 eq) in an 0.2M solution (4.7 mL) of each Fmoc-
AA-OH (363 mg for Fmoc-Phe-OH and 581 mg for Fmoc-His(Trt)-OH, 0.94 mmol, 
2.5 eci) in DMF and shaking the resulting mixture at room temperature for 10 mm. 
DIC (147 pL, 0.94 mmol, 2.5 eq) was added and the mixture shaken for a further 10 
min before using each "HOBt ester" solution in the flow-through system. The now 
rate was set to 2.5 mL/min unless otherwise stated and the protocol followed was: 
DMF pre-swelling for 30 mm 
Fmoc deprotection for 7 mm 
DMF washing for 15 mm 
Fmoc-Phe-OH coupling for 1 h 
DMF washing for 30 mm 
Fmoc deprotection for 7 mm 	/ 
DMF washing for 15 mm 
Fmoc-His(Trt)-OH coupling for 1 h 
DMF washing for 30 mm (flow rate of 0.5 mL/min) 
DCM washing for 30 mm (flow rate of 0.5 mL/min) 
Et20 washing for 30 mm (flow rate of 0.5 mL/min) 
The resulting s-plugs were removed from the flow-through column and dried in the 
vacuum oven at 40 °C for 3 h. 1 plug was then treated with TFA:TIS:DCM 
(95:2.5:2.5) (2 mL), shaken for 5 h, filtered off and washed with DCM (3 x 2 mL). 
The resulting combined filtrates were concentrated under reduced pressure to yield 
Fmoc-His-Phe-NH 2 72 (30 mg, 77%). 
MS (ES): m/z calcd for C30H29N504 523.6; mlz found 524.5 ([M+H], 100). RP-
HPLC (ELSD), gradient (Method 2): 6.2 mm (100% purity). 
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V1.5.b Microwave-assisted peptide synthesis on resin plugs 





1 Fmoc-Rink amide s-plug (0.075 mmol) was pre-swollen for 5 min in DMF (10 mL) 
then in DCM (10 mL) and treated with a solution of 20% piperidine in DMF (1.5 
mL) in a microwave vial. The reaction vessel was microwave irradiated twice for 5 
min at 60 °C, with 3 DMF washings in between. The Rink amide s-plug was 
removed and washed by turns with DMF (7 x 10 mL) and DCM (7 x 10 mL). 
HOBt.H20 (29 mg, 0.19 mmol, 2.5 eq) was added to an 0.2M solution of Fmoc-Phè-
OH (73 mg, 0.19 mmol, 2.5 eq) in DMF (0.95 mL) and the resulting mixture was 
shaken at room temperature for 10 mm. DIC (29 juL, 0.19 mmol, 2.5 eq) was added 
and the mixture shaken for a further 10 min before the plug was added to the reaction 
vessel, which was microwave irradiated for 15 min at 60 °C. The resulting plug was 
washed by turns with DMF (7 x 10 mL) and DCM (7 x 10 mL). 
The same protocol was repeated for the second sequence: Fmoc 
deprotection/coupling of Fmoc-His(Trt)-OH (116 mg, 0.19 mmol, 2.5 eq). After fmal 
Fmoc deprotection, the resulting s-plug was washed by turns with DMF (7 x 10 mL), 
DCM (7 x 10 mL) and Et20 (7 x 10 mL) and dried in a vacuum oven at at 40 °C for 
3 h. It was treated with TFA:TIS:DCM (95:2.5:2.5) (2 mL) and shaken for 5 h, 
filtered off and washed with DCM (3 x 2 mL). The resulting combined filtrates were 
concentrated under reduced pressure. The residue was dissolved in TFA (0.7. mL), 
precipitated by adding the TFA solution to ice cold Et20 (8 mL) and collected by 
centrifugation to give His-Phe-NH2 73 (18 mg, 79%). 
MS (ES): m/z calcd for C 15H 1 9N502 301.4; m/z found 302.1 ([M+H], 100). RP-
IIPLC (ELSD), gradient (Method 2): 1.4 mm (100% purity). 
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Synthesis of Val-Gln-Ala-Ala-Lle-Asp-Tyr-Ile-Asn-Gly-N (74)273 using Fmoc-
Rink amide s-plugs in a CEM microwave peptide synthesiser: 
	
0 NH2 	 0 
- 	 yNH2 
An 0.2M "HOBt ester" solution of each amino acid was prepared by dissolving 
HOBt.H20 (153 mg, 1 rnmol, 6.7 eci) in an 0.2M solution (5 mL) of each Fmoc-AA-
OH (side chain protected as mentioned below) in DMF and shaking the resulting 
mixture at room temperature for 10 mm. DIC (155 pL, 1 mmol, 6.7 e was added 
and the mixture shaken for a further 10 min before loading each bottle onto the 
peptide synthesiser. 
Amino acids used: Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, Fmoc-Ile-OH, Fmoc-
Tyr(tBu)-OH, Fmoc- Asp(OtBu)-OH, Fmoc-Ala-OH, Fmoc-GIn(Trt)-OH and Fmoc-
Val-OH. 
2 Fmoc-Rink amide plugs (0.150 mmol, 0.075 mmollplug) were introduced in the 
reaction vessel. 
N-Fmoc removal of Fmoc-Rink amide vlu2s: 
The Fmoc-Rink amide plugs were pre-swollen in a mixture of DMF (5 mL) and 
DCM (5 mL) for 5 mm. After draining the solvent mixture, the Fmoc-deprotection 
solution of 20% piperidine in DMF (7 mL) was added to the reaction vessel, which 
was microwave irradiated for 5 min at 75 °C. The resulting plugs were washed with 
DMF (5 x 7 mL, with a holding time of 5 min at the first washing). 
Solid-phase peptide coupling: 
The 0.2M "HOBt ester" solution (3.75 mL, 750 pmol, 5.0 eq) was added to the 
reaction vessel, which was microwave irradiated for 15 min at 75 °C. The resulting 




The deprotection solution of 20% piperidine in DMF (7 mL) was added to the 
reaction vessel, which was microwave irradiated for 5 min at 75 °C. The resulting 
plugs were washed by turns with DMF (4 x 7 mL, with a holding time of 5 min at the 
first washing) and DCM (11 x 7 mL, with a holding time of 5 min at the first 
washing). 
Peptide cleavae: 
The decapeptide-loaded resin plugs were removed from the reaction vessel, washed 
with Et20 (7 x 10 mL) and dried in a vacuum oven at 40 °C for 3 h. 1 plug was then 
treated with TFA:TIS:DCM (95:2.5:2.5) (2 mL) and shaken for 5 h, filtered off and 
washed with DCM (3 x 2 mL). The resulting combined filtrates were concentrated 
under reduced pressure. The residue was dissolved in TFA (0.7 mL), precipitated by 
adding the TFA solution to ice cold Et 20 (8 mL) and centrifugated to give Val-Gin-
Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-NH2 74 (50 mg, 63%). 
MS (MALDI-TOF): m/z calcd for C 47H75N 1 30 1 5 1062.2; m/z found 1061.8 [M+H] 4 . 
RP-IIPLC (ELSD), gradient (Method 2): 5.6 mm (84% purity). 
Synthesis of /JAla-Ser-Lys-Val-Tyr-Phe-Ala-Lys(Dde)-NH2 (75)270  using Fmoc-





0 	 0 	 0 
' 0H  
NH2 	75 
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Amino acids used: Fmoc-Lys(Dde)-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-
Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Lys(Boc)-OH, Fmoc-Ser(tBu)-OH and Fmoc-
/JAla-OH. 
,8Ala-Ser-Lys-Val-Tyr-Phe-Ala-Lys(Dde)-NH2 was prepared in a similar fashion, 
except that each N-Fmoc removal was performed for 2 x 5 min at 75 °C and that 
each peptide coupling was performed for 20 min at 75 °C to give the.octapeptide 75 
(1 cleaved plug: 54 mg, 67%). 
MS (ES): mlz calcd for C54H81N11012 1076.3; mlz (%) found 538.9 ([M+2H] 2 , 
100), 359.6 ([M+3H] 3 , 72). 
RP-HPLC (ELSD), gradient (Method 2): 5.4 mm (97% purity). 
Synthesis of Ahx-(IBocHN-(CH61Gly)7-Lys(Dde)-NH2 (76)270 using Fmoc-Rink 




HN ~ 'J 
 ): 
0 	7H 0 
76 
N-Fmoc reagents used: Fmoc-Lys(Dde)-OH, Fmoc-[BocHN-(CH 2)6]Gly-OH and 
Fmoc-HN-(CH2)5-CO2H. 
Ahx-([BocHN-(CH2)6]Gly)7-Lys(Dde)-NH2 was prepared in a similar fashion, except 
that each peptide coupling was performed for 15 min at 60 °C to give the peptoid 
derivative 76(1 cleaved plug: 52 mg, 46%). 
MS (ES): mlz calcd for C 77H 150N 180 1 , 1 1516.2; mlz (%) found 506.2 ([M+3H]3 , 
100), 379.9 ([M+4H] 4 , 69). 
RP-HPLC (ELSD), gradient (Method 2): 2.8 mm (92% purity). 
157 
VL5.c Preparation and Use of Plug-bound Self-indicators (78) in SPPS 
Synthesis of self-indicating plu2s (78):277 
To a solution of bromophenol blue derivative 77 (8.6 mg, 0.012 mmol, 10 mol %) 
and TEA (2 AuL, 0.012 mmol, 0.1 e in DMF (2.5 mL) was added an aminomethyl 
resin plug (0.120 mmol) and the reaction mixture was stirred for 30 min at room 
temperature. A solution of TFFH (3.2 mg, 0.012 mmol, 0.1 eq) in DMF (0.5 mL) 
was added and the reaction mixture was stirred overnight at room temperature. The 
resulting resin was alternatively washed with a 25% TFA solution in DCM and a 5% 
TEA solution in DCM (5 x 70 mL) until no more blue colour was removed. The 
remaining amino sites of the resin plug were capped with a solution of Ac20 (34 pL, 
0.36 mmol, 3.0 eq) and TEA (50 pL, 0.36 mmol, 3.0 eci) in DCM (3 mL) with 
stirring overnight. The resulting plug-bound dye 78 appeared dark blue in basic 
solution and red in acidic solution. 
Peptide synthesis procedure for Leu-enkephalinamide (H-Tyr-Gly-Gly-Phe-
Leu-NH2) prepared on self-indicating plug (78) :277 
N-Fmoc reagents used: Fmoc-Rink-OH, Fmoc-Leu-OH, Fmoc-Phe-OH, Fmoc-Gly -
OH, Fmoc-Tyr(tBu)-OH. 5% of the amino groups of an aminomethyl resin plug 
(0.120 mmol) were loaded with bromophenol blue derivative 14 as above. 
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Solid-phase peptide coupling: 
The dye-loaded plug was swollen in DMF for 30 mm. N-Fmoc reagent (3.0 eq) and 
HOBt (3.0 eq) were dissolved in DMF and stirred at room temperature for 10 mm. 
DIC (3.0 eq) was added and the mixture stirred for a further 10 min before addition 
to the plug. The plug was shaken at room temperature to effect coupling. It was 
removed from solution and washed with DMF (7 x 30 mL), DCM (7 x 30 mL), 
MeOH (7 x 30 mL) and Et20 (7 x 30 mL). The plug was dried in a vacuum oven at 
50 °C for 30 mm. 
N-Fmoc removal: 
The plug was shaken in a 20% piperidine solution in DMF. It was removed from 
solution and washed with DMF (7 x 30 mL), DCM (7 x 30 mL), MeOH (7 x 30 mL) 
and Et20 (7 x 30 mL). The plug was dried in a vacuum oven at 50 °C for 30 mm. 
Peptide cleavage: 
The plug was shaken in a TFA:DCM (9:1) solution for 5 h. It was filtered off and 
washed with DMF (7 x 30 mL), DCM (7 x 30 mL), MeOH (7 x 30 mL) and Et20 (7 
x 30 mL). The resulting combined filtrates were concentrated under reduced pressure 
to give H-Tyr-Gly-Gly-Phe-Leu-NH2 (5 mg, 56%). 
MS (ES1): m/z calcd for C2 8H38N606 554.7; m/z (%) found 555.5 ([M+H]', 100). 
RP-HPLC (UV), gradient (Method 1): 1.6 mm. 
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resin with jialltslttttn acetate I III at 1 . of testis i in tahiuue at 50 'U 
for Ifi iiiui thu ilueu scout ueiiipesaiure 1st 2 It is' nflotil a Isrossit-
coiiesl resiii-saptuiue.l 1i:mllaJuiiui acelifie .t this singe (lie uo.sti 
no, hilitated and il l et, Irrled with Ii!'. hsoitaziuie hsvslynle iii 
115.1. ni corn 'it E 
6276. JAM. CHEM. SOC. 2006. 1241.6276-6277 
• 
to 
a. • • 
a. 
.'gw'. 1. rl_d un,.Is 'h si.a.-.aslt,,tial 	beasts 'flat XL-RC Pd. 
saagiuulhcd l's .tpptoiutsivascl5 t  I')' (,cilc liii 	NO gnu, nisd s12e 
,iusiitlssOis5ui of Pd 	 ibl ouuttuuual XL-k( Pd; and icl XI.-RC 
ii toes '.u', tenses Mst.tuhied tiy appimxtnuiety I. 1(1 ° 'esk tcte. lb 
Figusm 2. pap Kinetic t'utiles of cacti susiprstsi cat.ii,,,, 
,.u,tisiu'.ioui "tells fohloniiuil the fih!iatwui test Catitlrsi I ii ''o It 
UI sivesiis 
utelluai,oI to cisc Pulp fi • ss hutch at this tune was black hue to the 
tra1iped lallasitiun naumoptutiucle's. wInk IR ,iisahvsis utihucated the 
,il,seuiee of acute peAL, I see lilippoltiliv hirwilialft4b) 7 lime 
resuthlinsi re'csui sva, ci sss-linkel is ills amectri I elsIe', ide to lbs the 
captured paflailsirium. TIM iiusmues sluosted that }'uhllil tianopartictes, 
ithu an a\cipiile  size oh 7.1 ± I I cull in sluatuietet. haul fosined at 
lie i i-in i112iiue I 
the mecuhttiig XL-iT( l'si fill was situ cssntpa,ed In rucetylnied 
tesiuu-4.s1,sttuteil 1alt_,(littuit ti iilm,stit cu,os-ltutksiisi sits aunt p.ulhadiuin 
eess'iduncutsl In t s'siui-houiud 1ihissspliitme hiaiipd- hip ci us uinttbei 
oh snvestuaitou1s is toil ii the lewlNe leveI '1 li-u,. 'CH-uOsiuS Venus 
heteu'seeuieoiis catiul so i 1 tesue 2). 
hut s'ltituusui-phuase .multueou. Suuiukt leaCIsisus.' all iluiec catalysts 
pri'duuceil the dean eel htciisl IstOstliet i itt yields ilissltHi lhu c', 
julIet 2 Ii at hi') 'i. . alib,siteh ktuettc pfofilc'. -lions'.) I cii 1 .hpulluilV 
sloss'ei rare than that Cl the 'sitter catalysts iliutuuie 2jup To verity 
the jtuhis,puits of active i'sI specme in soltutuoti sluisiuf the leflctWtti, a 
tilhralion lest isis can cii itt ' Each siup('outech Pit catalyst was 
placed in natet at 91') 1 hot 211 iuinu and hihteted ott amid the stilt-
lu,t lilliate was itnuuue,hiiis'h susssh lust a Suzuki Cto-.s-cotutsliusp 
ieulcti,sti the hilt site liusitu U alki Ill atk,t ded s'e'ui%'erstotss "sl 52 8 o 
and 9I1,. restieciusehy  while I utve utst .1 0 , cu'.n%ersts'iu iFiguiie 
21,) The Pd cs'siteiit ni hue lunate uuorn I was 009 ppui based on 
ekutetutal iuualvci'. iring ICP -OLS. The ,Ibsss'e results ncitugly 
siIyesu that tuitilnisil atti,'imnt, of lsthhaitiliitt were released into 
IS tflts).007410n CCC. $33.50 C 5000 Msrivas, Ciae.*.t $oditey 
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Figure J. 	 i I lure-phase tea u thorbtky and lii HPL( tue.. of 'hr 
'ki emipling p,odiicls b Pd leached houi the ulçmted 
Tab!. 1. Aqu.00s Suzuk, Couphtga with Xt.-RC Pd 
- 
V99C R 	R. 	IC %( Rm P3 	0 Mj 
44.H,i.0 	H 	Of 99 2.4-4KHO H 	hi 6) 
4-CH 3CO H Of 99 3 44 H, CH4) 	Eli 42 
3 4-NO: 	H 	hi 93 9 -i.H (H 3') 	B, 02 
4 .1-CU) 	H 	Br 03 lii U.CH,O 0I30 By It 
S 2H1 	H 	In '2 II )-CH,C() H 	Cl 25 
6 441130 	il 	hi 64 12 4-CU. H 	Cl 14 
Arvi halide 10S rnuiot,. bo,ouic acid I 9' I 	K40, it .5 uuuoli. 
Xl.-RC Pt k 1 0 trot . of aiyI halide). untie 	iuLi. So C. 4- IC, If 
' Isolated seld M,crosvave. 1 76 C. 1 11 irnu 
s'h,tion. with dir rrsin cicoo.Iitikiiie ippres.tiip the Ieachuit 01 
palhdnuti fv'in the •3ippoit This was cotifirnieih 1)5 can',mjz cult a 
sol,d-1'1jase siztiki conpli,iit le-aellori with each ot the flmee catalysts 
iii, tliire-j,base ic'.( ('-CC tigiuc vii In Tin cse Ieaelii.li sould 
oub be r.pec1ed 'ii the i,,ii-luoun,t 4-brcIiiobenzinui,Ie 2 it 
palladiiun was leached ruio solution diming the solnt,on -pbarne 
tCllCbi,'ui (is ilierCilSe the iobusiness i ot this eXpeliUlelct ie.lcti000 
wete canied out tsi lb liii Si) C i 1'iuplrte roulelsioti ocrIlileil 
willi Ill, cud .15°, if l ife tsiaivh piishicf 4 wa' oblouiiird 35 flh II. 
how es er, oiuly 5ft ,, 31 .1 was gruierated with I if ionic 34 
Aqueous Suzuki cotipbuas between a rauge of aryl bnzundes 
(which are preferred to an iodides due to ecowunc concenis 
despite rrdued teA.tiv1t )iiiiI ins I Lioivuilc acids were pet kinned 
ssuth 1)0113 activated i tud deaili*atesl an 11 bi,nmiite, and aftv'idcI 6004 
yielvk of piid.iots. .'s.lnciowave conditions wee. also iiis esligiated 
(1213 (. SiuulluSyiiths'atei i , and the Innnsw wetuighi leactulu ,vuuukl 
be aceouiplisl,ed within Ill lair However. the X1 -ft( Pd did not 
have any ieasotialule activits with inyl rhkiudes iindin these 
cc'nditiiaiis i Table I) The Xi-R(' Pd cisitld lie ieevcled six limes 
without kiss of catalytoc Iwluvil) w idu reeovety bs simple hiltattnn 
and ivaslinig. and gave exselletut steMs, with no special precalituclu-
nerileol with ue_ipeet to kmntlittig lii ta I 11, paificiilu. no tucuticeable 
chi.'uinte in the ocr of Pit ilailopaute.leu sua, isl,sewved ha 1kM ifflet 
rccachiuio (Figuie Is and see %t ipl,orling liufunuisitoul 
The XL-k( P31 Was eiuiploved iii Suzuki leactuons of sulfoph-
thaleiiu dye; I ici1iutued lee ,eliscil iutriY-tvpe applicatimsi ssliete 
p1il.lashutuun cc.iiliuiutriauils can cair-.e sell_ill, pii3bleiuuu iii the i'plual 
pu.cperties of final puoduct Fnpeictedlv. ibe XE-Re Pd nlToisled 
the lecued products wuthicail Coutiutliflatisul and with vtjds 
cu.inpaiahle to those løunl undeu niale c.unventuanil ecindlitous 
(Table 2) 
In sniuiunui'V. cicis. -hiuked w-,ni-caplwed pahiulhiuw catalysis ssetc 
prepineal and ippluesi to Suzuki s-rcni.-,ssupluiiz, in water, These 
COUMUNICATIONS 
Tab!. 2. Suzuki Couplelgs with Suhophthaiein Cces 
XL-RC Pd 
~11 - 	 ~~_ _V~ ~C_ r 
P. 	 8 
tiniinoplienolblue 	Br 	 H 	 41(331 
beoaiocres.nlpuiple Me H 7(56) 
la_iiuioihyiiedblne 	 I.S. 	Me 	2(25) 
'Siitisirate (U.S nali cailuoliyphenyl hiieu'nic acid iOO mimI). K,PO. 
1.1 nun'lt. XE-IkE PdI Ii) mual % of al)l halide). enterS taLl. linuaoea'c. 
120 'C_ to toni. 'Bawd iiti the isolated yield of the uiouiosimbsntutwl piudust 
and ci'niinred with yield'- oiiuitied 11311)0 (Pd,,O.ic It iii 13UOWIleos 
suppotled aitalysts uueprcdouiiii,antly Iieterojteimeoiis U, nainre and 
ci.ntild he iecavkd without ho'.- of Uctuvits 
.?icknowleilgm.nt. We d iank the C. CE partners (.ISK. Astra-
Zeiceca Puce,. Roche, Eli-I thy. l.hgaiuoii. Nov:iHiiachiein Merck. 
AuieisbiiniNvc.med ,'suje,'hian,. and Esoiec O.'iI uid Dn Anton 
Pace in Siuuttiaull. 3tcn Oi.iiet il lIospital for 'I F.M taupe, and Ithiotuqie 
for the SuiuttiSaiitluesu.ei 
Supporting Inforinatton ,Ixallabk: I)elauteui e'qieiinieuital pro-
cestutie-, of IFM jua lvI l,. Satin,, tests. 3sluelis  Suzuki coping and 
lien dntaiaenzaiiuu diii,, 1K sps-s'nvn. 5kM. TEd oIXL-R( Pd. mi_i 
uiaienal is available bee of cliaie via lie luteniet at blip puhan.aca Org. 
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Oral Presentations: 
• Bradley Group Presentation, 6th  of February 2003, Southampton (UK). 
• Polymer Laboratories project meeting, 3 d of April 2003, 
Southampton (UK). 
• Polymer Laboratories project meeting, 6th  of August 2003, 
Church Stretton (UK). 
• Polymer Laboratories project meeting, 15th  of January 2004, 
Southampton (UK). 
• Bradley Group Presentation, 5 0' of February 2004, Southampton (UK). 
• Polymer Laboratories project meeting, 13 th of May 2004, 
Church Stretton (UK). 
• Bradley Group Presentation, 28 th of October 2004, Southampton (UK). 
• Polymer Laboratories project meeting, 29th  of November 2004, 
Southampton (UK). 
• 3'' Year Presentation, 7th  of April 2005, Firbush (UK). 
• Bradley Group Presentation, 19th  of May 2005, Edinburgh (UK). 
• Polymer Laboratories project meeting, 26th  of May 2005, 
Edinburgh (UK). 





2 nd  Year Presentation, October 2004, Southampton (UK). 
• South West RSC Regional Meeting, December 2004, Bristol (UK). 
• OMCOS13, 17-21 July 2005, Geneva (Switzerland). 
• 4th International Microwaves in Chemistry Conference, 8-1 1 March 
2006, Orlando (USA). 
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